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Abstract 
This project aims to develop a radically new stable, robust and computationally efficient 
structural analysis procedure capable of realistically and objectively predicting the nonlinear 
response of reinforced concrete (RC) structures. This procedure will be suitable for both research 
and practical applications and will be capable of effectively solving design optimization and 
reliability problems which require extensive parametric studies. For this purpose, Artificial 
Neural Networks (ANNs) are employed which require significantly less computational resources 
compared to more traditional approaches of structural analysis based on the non-linear finite 
element analysis (NLFEA). The procedure is based on the simulation of the nonlinear behaviour 
of each RC element (ranging from which include typical beams and column) through the use of a 
model which consist of a finite element incorporating an ANN the latter predicting brittle modes 
of failure and the associated load-carrying capacity. 
For this purpose, databases consisting of test data obtained from experiments carried out on a 
range of simple (determinate) structural configurations (e.g.; Beam, Column, T-beam and Slab) 
are developed. Subsequently the published test data is used for training the ANN models. The 
predictions obtained from the trained ANN models are then compared to the predictions of the 
relevant design codes and alternative assessment methods concerning specific aspects of RC 
structural behaviour at the ultimate limit state (ULS). For validation of these ANN models, 
limited nonlinear finite-element analyses are also conducted. These models are then used to form 
ANN-FEA models to simulate more intricate RC structural configurations consisting of more 
than one structural elements. In the latter ANN-FE models, ANNs are essentially used as a 
failure criteria when conducting non-linear static push over analysis. 
 The stability and robustness of the proposed structural analysis method, as well as the validity 
and objectivity of its predictions, is ensured through a comparative study of the predicted 
behaviour of RC frames under static loads with its experimentally and numerically established 
counterparts. The predictions obtained from ANN-FE models are compared to their counterparts 
obtained from professional and research analysis packages for the case of a number RC 
iii 
structures. The proposed procedure employs the ANNs as failure criteria defining the load-
bearing capacity and mode of failure exhibited by the individual RC beams and columns during 
the pushover analysis. The results show that the ANN-FE model predicts the structural response 
of RC at ULS with more accurately as compared to industrial tools (i.e., SAP 2000) and in less 
amount of time without requiring the high computational resources as compare to research tools 
(i.e., ABAQUS). 
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CHAPTER 1: INTRODUCTION 
1.1 Background  
Over the year’s structural engineers have continuously strived to improve the efficiency 
of structural systems capable of safely undertaking the design loads imposed on them 
throughout their service life while at the same time satisfying the performance 
requirements set by the current codes of practice. To achieve this, structural analysis 
tools are developed aiming to provide accurate predictions of structural response 
without requiring high computational resources. These predictions can be used to 
develop design solutions, capable of safeguarding resilience as well as the often-
stringent performance requirements (mainly associated strength, mode of failure and 
ductility) set by the provisions of the available design codes [1-6].  
The work presented in this thesis attempts to solve increasingly complex structural 
analysis problems without requiring additional computational resources through the use 
of Soft Computing (SC) methods and artificial neural networks (ANNs) in particular. SC 
methods initially appeared three decades ago as a new family of computational 
algorithms based on heuristic approaches which, unlike more traditional analysis 
procedures, do not strictly adhere to the principles of theoretical mechanics. However, in 
the 1960s due to the limited computational resources available at that time, these 
methods did not attract significant attention and were treated with suspicion. In recent 
years, however, the availability of computational resources has allowed SC methods to 
form surprisingly powerful analysis tools capable of solving problems associated with 
different fields of engineering. Artificial Neural Networks (ANNs), Genetic Algorithms 
(GA) and fuzzy logic (FL) are the most popular SC methods [7]. In recent years, ANNs 
have allowed for the development of powerful computational tools that can often be used 
to replace more conventional and time-consuming numerical procedures in the structural 
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analysis based on the Finite Element (FE) method [8, 9]. ANNs are increasingly being 
used to predict both concrete material behaviour [10-14] and Reinforced Concrete (RC) 
structural response [15, 16] and have been employed to solve a range of problems 
associated with structural assessment [17-20] design optimisation [21-23], and reliability 
analysis [24-27]. 
1.2 Research Problem  
To date, a large number of structural analysis packages have been developed for 
conducting nonlinear finite element analysis (NLFEA) of RC structures which employ 
different numerical schemes depending on their intended use. Those developed for 
practical applications (i.e. SAP2000, Etabs 2015 and Staad Pro V8i) [28, 29] usually 
employ 1-D or 2-D elements (e.g., beam, truss, shell elements) for modelling individual 
structural members (beams, columns, T-Beam and slabs), with the nonlinear structural 
response being considered usually through the use of plastic hinges (assigned to specific 
points along their span) [28]. Although this type of analysis (usually referred to as push-
over analysis) is easy to carry out and does not require considerable computational 
resources. Thus, allowing for more intricate structures to be considered, it relies on a 
number of simplifications (e.g., rigid joint behaviour, simple uniaxial material laws, 
description of cross-sectional mechanical characteristics) which do not allow a realistic 
prediction of all features of RC structural response, especially when the latter is 
dominated by brittle (e.g., shear) or localised (e.g., punching) modes of failure. The 
following simplifications, in combination with the empirical formulae usually employed 
by the current RC design codes for predicting shear capacity, raise questions concerning 
the ability of current push-over schemes to always accurately predict the RC structural 
response. 
NLFEA packages developed mainly for research purposes (e.g., ABAQUS and 
ADINA) [8, 9], usually employ dense 3D-FE meshes, whereas material nonlinearities 
are considered locally (at the integration Gauss points) by using complex constitutive 
material laws (describing in detail material behaviour) and failure criteria which in 
combination with the use of iterative solution strategies provide a more detailed 
description of the exhibited behaviour up to the ultimate limit state (ULS) or even 
collapse. However, the latter features increase significantly the computational resources 
required for predicting structural response and as a result, their use is often limited to 
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more simplified structural configurations. Furthermore, most available concrete models 
depend on a number of parameters essential for achieving close agreement between 
predicted and experimentally established behaviour and for safeguarding the numerical 
stability of the iterative solution procedure employed [8, 9]. Such parameters are usually 
associated with post-failure concrete characteristics (i.e., strain softening, tension 
stiffening and shear retention ability), and their use can severely affect the objectivity of 
the predictions obtained. As a result, application of such packages to different problems 
requires recalibration of the different parameters [8, 9].  
The present work ultimately aims at developing a new, computationally efficient, 
structural analysis procedure capable of realistically and objectively predicting the 
nonlinear response of RC structures. The development of the proposed method is based 
on the SC framework, and the use of artificial neural networks (ANNs), thus requiring 
significantly less computational resources compared to more traditional approaches of 
structural analysis based on the finite element method (FEM). Newly proposed finite 
element analysis-artificial neural network (FEA-ANN) models are developed to 
simulate each RC structural element considered in which the ANN essentially acts as a 
failure criterion linked mainly with brittle modes of failure. The training process for the 
ANN is based on the use of published test data, presented in the form of databases, 
which are further enriched with predictions obtained from nonlinear finite-element 
analyses (NLFEA) as well as the available assessment methods and their physical 
models adopted for describing the mechanics underlying RC structural behaviour at the 
ultimate limit state (ULS). The validity of the predictions obtained from the proposed 
structural analysis method concerning the behaviour of RC structural configurations 
(e.g., frames) under static loads is demonstrated by comparing them to their 
counterparts established experimentally and numerically (via NLFEA).  
To successfully formulate a scheme suitable for the analysis of RC structures, it is 
imperative that the ANNs employed be capable of realistically predicting certain 
important aspects of the behaviour exhibited by the individual RC structural 
components (i.e., beams and columns) when approaching the ULS. To accomplish this a 
good understanding of the mechanics associated with the behaviour of RC structural 
members at the ULS is necessary, since, although ANNs depend on heuristic 
approaches, rather than on strict mechanics, their calibration process must accurately 
account for the effect of the most important parameters on the exhibited behaviour. 
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Information regarding RC structural behaviour is usually obtained from tests carried out 
on simple structural configurations (i.e., simply-supported beams subjected to 3 or 4 
point bending tests and cantilevers subjected to a combination of axial and lateral 
loading). The recorded test data are then used to form databases which describe the 
effect of various design parameters on the behaviour of certain aspects of RC structural 
[30-33]. However, the resort is often made to the use of nonlinear finite element 
analysis (NLFEA) [8, 9] for investigating in depth the behaviour of structural elements 
with more complex boundary conditions, more representative of those imposed in real 
structures. In fact, the results of such analyses provide information which complements 
the available test data and can be used for calibrating ANNs more effectively. The 
calibration process can also be based on predictions obtained from physical models such 
as the Truss Analogy (TA) adopted by most the RC design codes [1-6], and others 
adopted by alternative assessment methods, i.e., the Compressive Force Path (CFP) 
method [34]. Such models offer an interpretation of the available test data and describe 
the physical condition of the structural elements at ULS, which is essential for 
identifying the most important factors affecting RC structural response based on which 
the ANNs are developed.  
1.3 Research Aims and Significance  
The aims and objectives of the proposed work are summarised below: 
1. The development of databases, which have detail description of the effect of 
critical parameters on certain aspects of the behaviour exhibited by simple RC 
structural forms (e.g., beams, columns, T-Beam and Flat Slab) through the use of 
available literature. 
2. Training of ANN models capable of predicting accurate RC structural response at 
the ultimate limit state (ULS) for the case of the simple structural configurations 
commonly investigated experimentally (e.g., beams, columns, T-Beam and flat 
slab). 
3. Employ the ANNs to assess the accuracy of the predictions obtained from the 
current RC design codes (ACI, EC2, JSCE, KBSC, CSA and NZ) and their 
underlying physical models concerning certain aspects of the behaviour exhibited 
by the simple RC structural configurations mentioned above. The predictions 
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obtained from the ANNs are used to highlight the problems associated with the 
validity of the assumptions, upon which the development of these design codes is 
based. 
4. Investigate different ways of extending – enriching – the purely experimental 
databases. This is achieved by employing the predictions obtained from NLFEA 
or the relevant assessment methods in order to extend the applicability of the 
ANNs developed and to enable them to predict the behaviour of RC structural 
configurations characterised by design parameters the values of which are not 
accounted for in the purely experimental database. The enrichment process aims 
at enabling the databases to account for the full range of values of the design 
parameters considered allowing for the development of ANNs capable of 
providing accurate predictions for a wider range of structural forms.  
5. Employ ANN-FEA models for predicting the overall behaviour of indeterminate 
RC structural configurations (e.g., RC frame) and assess the effect of the values of 
the design parameters on the exhibited response. Demonstrate the validity of the 
predictions obtained by comparing them with their counterparts established 
experimentally and through the use of structural analysis packages employed in 
research (i.e., ABAQUS) [8] and in practice (i.e., SAP2000) [28]. 
To achieve the above objectives, Matlab [35] is used to analyse the available test data 
and develop ANN models capable of predicting certain aspects of behaviour exhibited 
by certain types of RC structural members when approaching the ultimate limit state 
(ULS). The latter ANN models are then used to assess the accuracy of the predictions 
obtained from: (i) the available RC design codes and their associated physical models as 
well as (ii) an alternative assessment method (e.g. the CFP method) the development of 
which is based on assumptions concerning the mechanics underlying RC structural 
response at ULS which are different – if not contradictory – to those adopted by existing 
codes. The ANN models developed are used for predicting the load-carrying capacity 
and mode of failure of the RC members considered. Enriched databases are also 
developed for the case of RC beams and columns by incorporating into the existing 
purely experimental databases predictions obtained from the various relevant 
assessment methods and their associated physical models. The (artificial) data 
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incorporated into the purely experimental databases (to form the enriched databases) are 
validated through the use of NLFEA.  
For predicting the structural response of indeterminate RC structural configurations 
(such as frames) – which comprised of a number of individual elements – a new practical 
structural analysis method is proposed. Each RC element of the more complex structure 
is simulated through the use of a proposed model which is formed by incorporating an 
appropriately trained Artificial Neural Network (ANN) into a finite (e.g., beam) element. 
Unlike NLFEA, the proposed ANN-FE analysis procedure is capable of considering the 
effect of damage directly at the structural level, avoiding the accumulation of damage in 
specific regions (Gauss points, plastic hinges), as well as the ensuing numerical 
instabilities in the iterative solution procedure. Moreover, the use of ANN is expected to 
make the solution procedure objective, since it will not rely on case-dependent material 
parameters [36, 37]. The use of ANN-FEA models will result in a computationally 
efficient numerical iterative procedure capable of providing accurate and objective 
predictions of the exhibited behaviour of complex RC structural configurations (e.g., RC 
frames). The predictions obtained will allow the development of efficient design 
solutions in terms of safety, economy and sustainability. The latter advantages of the 
proposed analysis method will allow for the development of a practical structural 
analysis tool capable of dealing with design optimization and reliability analysis 
problems which usually require extensive parametric investigations.  
1.4 Thesis Overview 
The present thesis consists of a total of 8 chapters (including the present one). The aim 
of the present Chapter (Chapter 1) is to provide an overview of the problem considered 
and the structure of the subject thesis. It also describes the main aims and objectives of 
the subject work. 
Chapter 2 initially sets out to describe the available Soft Computing branches and 
provides information on the development and application of Artificial Neural Networks 
(ANNs) to date. A description is then provided on the main characteristics of the 
process adopted when developing and using ANNs through the use of MATLAB, which 
is accompanied by a parametric study investigating the effect of various parameters 
associated with the architecture adopted for the development of the ANN on its 
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performance. For this purpose, a MATLAB code is developed that is also used for the 
development and application of ANNs in the following chapters. 
Chapter 3 describes concisely the different assessment method available for predicting 
the RC structural response. Initially a description of the available RC design codes, and 
an alternative assessment method (the Compressive Force Path (CFP) method) is 
provided. It is interesting to note that the latter method, adopts assumptions concerning 
the mechanics underlying RC structural behaviour which are not in line with those 
adopted with the available codes. Then followed by a discussion concerning the critical 
assumptions adopted by the Nonlinear Finite Element Analysis Package (NLFEA) 
presently employed (ABAQUS) for predicting RC structural behaviour. The predictions 
obtained from ABAQUS are then employed for validating the predictions of the ANN 
models developed using customized MATLAB code.  
Chapter 4 presents a comparison of the predictions concerning certain aspects of the 
behaviour exhibited by simple RC (statically determinate) members (e.g., beams and 
columns) obtained from (i) the available RC design codes, (ii) the CFP method and (iii) 
the trained ANN models. Furthermore, the validation of predictions of the ANN models 
concerning the behaviour exhibited at ULS by specific specimens is also achieved by 
comparing them to their numerically and experimentally established counterparts 
obtained from ABAQUS and testing respectively  
Chapter 5 describes how the ANN models are developed for assessing statically 
determinate members (i) characterised by more complex geometry compared to the 
specimens considered in the previous Chapters (i.e., RC T-beams) or (ii) exhibiting 
localised forms of (brittle) failure (i.e., punching failure in RC Slabs,). A comparative 
study is carried out between the predictions of current RC design codes, the trained 
ANNs and their experimentally established counterparts and the predictions obtained 
from via NLFEA (for selected case-studies). On the basis of the comparative study, 
conclusions are drawn concerning the accuracy of the predictions obtained from the 
various design codes and alternative assessment method considered. 
Chapter 6 describes the process adopted for the assessment and enrichment of the purely 
experimental databases developed in Chapter 4. Considering that the specimens studied 
experimentally are usually scaled models of structural members comprising actual RC 
structures, the range of values of the design parameters considered in the purely 
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experimental databases are not always representative of their counterparts adopted in 
actual (full-scale) RC members. Furthermore, test data may also contain errors, 
accounting for the interaction between the setup and the specimens, which however are 
difficult to assess and quantify. Therefore, the ANNs developed purely on the basis of 
the available test data are not guaranteed to provide accurate predictions for the 
behaviour of the specimens considered or of full-scale structural members. The 
limitations of the existing experimental databases and their impact on the generality of 
the predictions obtained from the ANNs are discussed. In an attempt to overcome the 
above shortcomings of the purely experimental database, enriched databases are formed 
in which the experimental data is enriched through the use of additional information that 
can be obtained either from the available structural analysis packages or the available 
assessment methods. It is demonstrated that the ANNs developed based on the enriched 
databases are capable of realistically predicting the behaviour of a wider range of RC 
structural members characterised by design parameters which are either not well 
represented or not included in the initial experimental database. 
 
 
 
(a) (b) 
Figure 1.1: (a) ANN models representing individual RC Members and (b) Analysis of 
RC Frame by using ANN models as failure criteria  
Chapter 7 discusses the procedure adopted for predicting the behaviour statically 
indeterminate structural forms (e.g., RC Continuous Beams and 2D RC frames) through 
the use of ANN-FEA models. The models are validated through the use of NLFEA 
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packages (i.e., ABAQUS) for a certain number of case studies. Figure 1.1 described the 
analysis procedure adopted by of the ANN-FEA model, during the pushover analysis of 
2D RC frames. Results show that the predictions of ANN-FEA models are in agreement 
with the experimentally established behaviour and more accurate than those obtained 
from available structural analysis packages presently employed in practice. 
Chapter 8 describes the overall conclusions derived from the present work as well as 
ideas for future work. 
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CHAPTER 2: INTRODUCTION OF ARTIFICIAL NEURAL 
NETWORK (ANN) AND MODELLING OF ANN TOOL 
2.1 Introduction 
An introduction is initially provided in this Chapter, on the available Soft Computing 
(SC) methods generally employed for solving a range of problems. Emphasis is mainly 
focused on the use of the artificial neural networks (ANNs) and their relation to the 
biological counterpart. Then, a literature review on the structure (architecture), 
application and development of the ANNs is presented. Based on previous work, an 
attempt is made to establish guidelines for developing ANN models capable of 
providing accurate predictions concerning certain aspects of the behaviour of RC 
members when approaching the ultimate limit state (ULS). Feed-Forward Back 
Propagation (FFBP) ANNs are developed through the use of a code, developed in 
MATLAB, which allows the user the freedom to change the parameters required for the 
development of the ANNs. A detailed discussion is provided concerning (a) the analysis 
of the experimental data and the development of the relevant database (i.e., 
development of the database, normalisation of data and selection of suitable input 
parameters), (b) the training process that the ANN models are subjected to (i.e., division 
of samples, training, learning module and stopping/convergence criteria, the number of 
hidden layers and hidden neurons and type of activation functions) and (c) the post-
processing of the results obtained(i.e. de-normalization of the results and choice 
optimised ANN model with respect to assigned error function).  
The application of the development process mentioned above is presently demonstrated 
for the case of simply-supported RC beams without transverse reinforcement subjected 
to 3 or 4-point bending tests. A database consisting of 619 samples is used for the 
development of the ANN models. Present work aims only to describe the procedure 
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adopted for the development of the ANN, highlight the relevant problems encountered 
and provide solutions. It is demonstrated that the ANN developed are successful in 
predicting the load-carrying capacity of the RC beams quickly and without requiring 
significant computational resources. From the results obtained it is demostared that the 
MATLAB-based tool developed is capable of providing flexibility allowing for the 
development of ANNs that can be used to solve different problems. This proposed 
model is successfully applied to develop ANNs capable of accurately predicting the 
behaviour of a range of RC members (i.e. Beams, Columns, T-beams and Slab) at ULS 
and forms the basis for the development an assessment tool capable of predicting the 
behaviour of more complex RC structural configurations (i.e. Indeterminate Beams and 
Frames) in the following chapters. 
2.1.1 Soft Computing Techniques 
Soft Computing (SC) methods were initially introduced in the 1960s [7, 38] as a new 
family of computational algorithms based on heuristic approaches. SC is an emerging 
family of methods capable of solving complex problems and providing accurate 
predictions without requiring high computational resources. Their abilities, associated 
with parallel computing, the development of machine intelligence as well as the ability 
learning (from the available information), have allowed SC methods to form valuable 
tools which are often employed instead of other more ‘conventional’ analysis methods. 
SC methods include Fuzzy Logic (FL), Evolutionary Computation (EC), the Genetic 
algorithm (GA), Evolution Strategies (ES) and Artificial Neural Networks (ANNs). 
2.1.2 Fuzzy Logic (FL): 
Unlike Boolean Logic (BL) which forms the basis on which current computer systems 
are developed, which only considers 0 (false) or 1 (true), Fuzzy logic (FL) considers all 
real numbers between 0 and 1. As a result, FL is capable of considering the concept of 
partial truth, by assigning values between the two extremes/limits. In the 1960s the 
concept of FL was initially presented [39]. In the early 1970s, FL was further developed 
and successfully implemented for solving industry-related problems (e.g., shape, size, 
and weight) mainly in Europe. In 1980, Professor Michio Sugeno in Japan further 
developed the underlying theory allowing for FL-based products to be used in a range of 
home-appliances such as the washing machines, portable cameras, micro-wave ovens 
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and rice cookers. The latest application of FL is for the development of technology 
related to the bullet train system [40, 41]. 
2.1.3 Evolutionary Computation (EC) 
The concept of Evolutionary Computation (EC) is expressed analytically through the 
use of different types of evolutionary algorithms. EC works on the basis of trial and 
error method which can be implemented for solving complex problems. The concept of 
evolutionary computation was first introduced in the 1950s [42] however, due to the 
lack of computational resources at the time, EC was not extensively used. EC methods 
can be implemented for solving complex optimisation problems and have been 
successfully used in different fields of engineering [43, 44]. The mathematical 
modelling of EC methods can be described by two primary methods: Genetic 
Algorithms (GA) and Evolution Strategies (ES) [45]. 
2.1.4  Artificial Neural Networks (ANN) 
ANN forms one of the leading branches of SC [46, 47]. An ANN consists of a network 
of interconnected units (the neurons), which work in parallel to solve a specific 
problem. The ANNs form a simplified representation of their counterparts consisting of 
biological neurons found in the human brain and nervous system [36, 37, 48] and both 
have the ability to solve problems based on their past experience. To enable ANNs to 
provide realistic solutions for a specific problem they need to be subjected to learning 
(calibration) process during which they are exposed to the available relevant data (input 
environment). The concept of ANN was initially introduced in the 1940s [49, 50] 
however, due to the absence of computers resources at the time, they were not utilised. 
With the advancement of computer science and the increase in available computational 
power, ANN has started being employed for the development of computational tools 
capable of solving a range of problems. Such tools can replace more conventional 
solution procedures which are often more difficult to apply and require a substantial 
theoretical background for their implementation (e.g., in the form of laws describing the 
effect of various parameters on the solution of a specific problem) as well as higher 
computational resources and time [46]. With the advancement of computer technology, 
ANNs are gradually increasingly (directly or indirectly) used in every field of life. Their 
ability to remember the information to which they have been introduced to allows them 
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to empirically solve complex problems without requiring a deep understanding of the 
underlying laws and theory ranking them among the top currently active research areas 
[51, 52]. 
Table 2.1: Strengths and Weaknesses of Soft Computing Techniques 
Artificial Neural 
Networks (ANNs) 
Fuzzy Logic (FL) Evolutionary 
Computations (EC) 
Strengths 
Learning capability and 
adaptability 
Knowledge representation 
in the form of rules 
Systematic random search 
Fault tolerant capability Fault tolerant capability Provides multiple solutions 
Model-free approach Expert knowledge is 
required 
 
Historical (numerical) data 
needed for training 
Reasoning capability  
Weaknesses 
It can only handle 
quantitative information 
No learning capability Convergence is slow near-
optimal solution 
 It can only handle 
qualitative information 
 
The concept of the Artificial Neural network was initially introduced in the early 1940's 
by the psychologist Donald Hebb, who studied the process of learning on the neurons in 
the human brain and proposed a simplified training mechanism/process adopted by the 
Artificial Neuron (Hebb's law) [50]. After this other theories have been proposed 
however, Rosenblatt’s concept forms a milestone due to the introduction of the 
perceptron training algorithm [50] allowing for the development of a mathematical 
model suitable for computer simulations (with respect to the proposed approach by 
Donald Hebb) capable of mincing the process of biological learning [50]. In 1969, 
Minsky and Pappert  [50] showed that a single or double layer perceptron network was 
inadequate for solving real-world problems [50]. Consequently, during the 1980's 
different architectures for the development of ANN models were proposed, such as the 
backpropagation training algorithm (discussed in more detail in Section 2.3.1). Thus 
provided the opportunity to engineers to employ ANN models in order to develop new 
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tools which are capable of providing accurate solutions faster while requiring less 
computational resources compared to more ‘conventional’ mathematical methods. 
2.1.5 Comparison of Soft Computing Techniques 
Table 2.1 explained the main difference identified between the SC methods mentioned 
earlier. Furthermore, it is interesting to note that different SC methods can be used in 
combination with each other to overcome their weakness, resulting in the development 
of Hybrid Intelligent System [53, 54].  
2.2 Application of ANN Models in Structural Engineering  
ANNs have already been successfully used to solve problems associated with a variety 
of engineering disciplines such as: aerospace, digital signal processing, electronics, 
robotics machine vision, manufacturing, transportation, controls, identifying recognition 
of voice during communication; recovery of software; protection against viruses, 
interpretation of multi-meaning, undersea mine detection; texture analysis; 3D object 
recognition; hand-written word recognition; and facial recognition [55]. ANN models 
have the ability to respond, based on the experience they have already gained (i.e., the 
information they have been introduced to) during their training process. ANN adopts a 
black-box learning approach (without developing any relationship between input and 
output values) on the basis of the provided environment (available information/data). 
ANNs can also be used to form hybrid tools by employing other SC or conventional 
(e.g., finite element analysis) methods [55] resulting in the development more advanced 
numerical tools.  
At the material level, ANNs have been employed as constitutive models to predict the 
compressive strength of concrete with steel fibre [56] and with lightweight aggregates 
[10, 13]. Also, ANN models have been employed for predicting the load carrying 
capacity of composite concrete with fibre reinforced polymers (FRP) [57-59].  
At member level, ANNs have been used for predicting certain aspects of RC structural 
response (i.e., deflection and load carrying capacity) at the ultimate limit state (ULS) 
[60, 61]. ANNs are also being used for the structural assessment of simple and 
composite (by using steel fibre or FRP sheets) RC configurations (i.e., beams, bridge 
decks and columns) [62, 63] throughout their design life. 
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At the structural level, ANNs have been used for assessing the behaviour of steel 
connections [64], predicting the response of RC structures under different types 
dynamic actions [65], for structural damage monitoring and for structural damage 
detection [66-72] as well as for retrofitting damages RC structures with fibre reinforced 
polymers (FRP) [57, 59, 73-77]. ANNs have also been used to predict the response of 
more intricate RC structural forms (e.g., frames) [15, 16, 78-80] with the whole 
structure modelled by a single ANN; the latter approach lacks generality as it is case-
dependent and its application to other problems requires re-training of the ANN 
employed. 
2.3 Artificial Neural Network 
Conventional computational tools (CCTs) are based on an algorithmic approach which 
follows a set of instructions (i.e. underlying rules or laws) for solving complicated 
problem. In the absence of these instructions and an underlying theoretical basis CCTs 
cannot be developed and implemented in order to provide accurate solutions. ANNs 
adopt an alternative approach compared to that adopted by CCTs in order to effectively 
solve a certain problem. ANNs develop the ability to empirically solve the problem at 
hand by essentially remmebring the relevant data they have been introduced to in the 
past. This resenmbles the way in which the human brain operates. 
2.3.1 Biological Neural Networks 
The advancements in the field of biology have allowed researchers to achieve a better 
understanding of how information is processed and stored within the human brain, 
allowing for decisions to be reached. The human brain has the ability to store this 
information in the form of memories. Once this information is stored, it can be accessed 
and used to solve relevant problems when necessary. The function of human brain 
depends on the function of biological neurons (as shown in Figure 2.1), which have the 
ability to remember information (experiences) they have been introduced (exposed) to 
and empirically react to certain actions/stimuli. More than 100 billion neurons are 
present in our nervous system, and each neuron has 200,000 connections with other 
neurons [36].  
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Figure 2.1: The Components of Biological Neurons 
These neurons and their connections form Biological Neural Network (BNN) which are 
largely responsible for the ability of the human brain to effectively solve problems. 
Within the human brain, all types of neurons share four basic components: (a) the 
Dendrites, (b) the Soma, (c) the Axon, and (d) the Synapses (as shown in Figure 2.1). 
The axon extends from the cell body and often gives rise to many smaller branches 
before ending at the nerve terminals. Dendrites extend from the neuron cell body and 
receive messages from other neurons. Synapses are the contact points where one neuron 
communicates with another. The dendrites are covered with synapses forming at the 
ends of axons, forming a network with the other neurons. When neurons receive or send 
messages, they transmit electrical impulses along their axons, which can range in length 
from a tiny fraction of a centimetre to one meter or more. This natural process has 
inspired the development of numerical tools capable of providing solutions, empirically 
based on the existing relevant information, without any requirement of the underlying 
theory, assumptions, constitutive laws and the formation of complex matrixes.  
2.3.2 Function of an artificial neuron 
Artificial Neural Networks (ANNs) essentially mimic (in a simplistic manner) the 
function of their biological counterparts [36, 37, 48]. The analogy between biological 
and artificial neural networks is presented in Table 2.2. ANNs are used to estimate or 
approximate functions that depend on a large number of input parameters, the effect of 
which is not clearly established or quantified. ANNs have the ability to learn, 
generalize, categorize and predict values due to their adaptive nature and their ability to 
“remember” information introduced to them during their training/calibration. They 
consist of many consecutive layers, and each layer consists of a system of 
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interconnected "neurons." Each link (equivalent to the dendrites) is assigned a specific 
coefficient (weight) which is multiplied by the values generated by the neurons 
(equivalent to the function of the synapses). The values obtained from all neurons of a 
specific layer are then transferred through the links and summed with a bias value (as 
shown in Figure 2.2). The latter sum (analytically expressed by Eq. (2.1)) is then 
introduced into a predefined transfer/activation function (f) representing the relationship 
between the neurons of the consecutive layers (representing the function of the cell 
body/soma). The outputs of the activation functions of a specific layer form the input 
values for the neurons of the next layer of ANNs (as shown in Figure. 2.2) (equivalent 
to the function of the axons). The weights are initially randomly assigned to their 
corresponding links, and their final values are obtained through a training/calibration 
process based on the use of the available data.  
xj = ∑(yk wkj) + bj       Eq. (2.1) 
yj = f(xj)         Eq. (2.2) 
where, xj represents the output from the neural network yk, are the values obtained from 
the activation function f(xj), wkj are the weight coefficients, bj is the bias value, and f is 
the activation, i represent the number of the neuron within a specific layer and k 
represent the number of the layer.  
At this point it is important to note that the analogy between biological and artificial 
neural networks (presented in Table 2.2) is not a strong one. Biological neurons do not 
simply sum the weighted inputs generated by the neurons and do not keep changing 
(adjusting/calibrating) the values of weights and biases until the desired outputs are 
achieved [36, 37]. As in the case of BNN, the function of ANN also depends on the 
neurones, which are highly interconnected between different layers, working in parallel 
to solve a specific problem. The learning ability of ANNs is based on the ability of the 
neurons in different layers of the ANN to work in parallel. ANNs form computational 
tools that can be employed for solving a wide range of problems [81]. During their 
learning/training/calibration process, no specific set of instruction for solving the 
problems at hand is provided. However, the predictions of the ANN depend on the 
quality of the available information (experience). The similarities between the two 
networks (ANNs and BNNs) are summarised in Table 2.2. 
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Figure 2.2: Analogy between Artificial and Biological Neurons 
Table 2.2: Equivalence between Biological and Artificial Neural Networks 
Human  Artificial 
Neuron Processing Element Input Neurons 
Synapses Weights Weights 
Dendrites Combining Function Summation  
Soma Transfer Function Activation Function 
Axons Element Output Output Neurons 
2.3.3 Different Classifications of ANNs 
Artificial Neural network models can be classified in a number of ways as mentioned 
below [37]: 
2.3.4  Activation (Transfer) Function 
An activation function [36] is used to transform the sum of all the products (of input 
values and weights), i.e., total weighted resultant value into an output value. ANN uses 
a wide variety of activation functions to solve different complex problems. However, 
only a few of these activation functions are used by default in different available ANN 
tools; one can customize these default activation functions, depending upon the nature 
of the problem. The activation functions can be classified as Linear and Non-linear 
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activation functions. The mathematical definitions with formulae and ranges of above 
describe different activation functions are given in Table 2.3: 
Table 2.3: Different Activation function for ANN 
Sr. No 
Activation 
Function 
Formulae Range Graph 
1 
Identity 
(Linear) 
𝑓(𝑥) = 𝑥 (-∞,+∞) 
 
2 
Step 
(threshold) 
𝑓(𝑥) = 0  𝑖𝑓 0 > 𝑥 
𝑓(𝑥) = 1  𝑖𝑓 𝑥 ≥ 0 
(0, +1) 
 
3 
Piecewise 
Linear  
𝑓(𝑥) = 0  𝑖𝑓 𝑥 ≤ 𝑥𝑚𝑖𝑛  
𝑓(𝑥) = 𝑚𝑥 + 𝑏  𝑖𝑓  
𝑥𝑚𝑎𝑥 > 𝑥 > 𝑥𝑚𝑖𝑛 
𝑓(𝑥) = 1  𝑖𝑓 𝑥 ≥ 𝑥𝑚𝑎𝑥 
(0, +1) 
 
4 Logistic 𝑓(𝑥) =
1
1 − 𝑒−𝑥
 (0, +1) 
 
5 Hyperbolic 𝑓(𝑥) =
𝑒𝑥 − 𝑒−𝑥
𝑒𝑥 + 𝑒−𝑥
 (-1, +1) 
 
6 Gaussian 
𝑓(𝑥) =
1
√2𝜋𝜎
𝑒𝑎  
𝑎 =
−(𝑥 − µ)2
2𝜎2
 
(0, +1) 
 
(0,1)=Continous values between the limits 
(0, +1)=Discrete values between the limits 
2.3.5 Architecture of Artificial Neural Network 
The structure of an ANN consists of at least three different layers, each one containing a 
different number of neurons. The input values of the problem are introduced (in 
normalised form) into the first "input" layer. These normalised values represent the 
available relevant information (data) provided in the form of a database. The input layer 
is connected to a second “hidden” portion of the ANN, which can consist of more than 
one consecutive (hidden) layers, depending on the nature of problem considered. The 
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neurons of the last hidden layer are connected to the "output" layer (as shown in Figure 
2.3). The values obtained from each neuron of the input layer are multiplied with the 
associated weights attributed to the relevant links (forming between the neuron of the 
input layer and those of the first hidden layer). The products (associated with each link 
considered) are summed and added to the bias values (see Eq. 2.1). The resulting sum is 
then introduced into the the activation function in order to obatin the output values (see 
Eq. 2.2) which in turn form the input values of the neurons of the first hidden layer. This 
process is repeated for all consecutive hidden layers. Depending on how the information 
flows within the ANN the latter can be classified as: (i) Feed Forward Neural Network 
(FNN) and (ii) Recurrent Neural Network (RNN). 
 
Figure 2.3: Different layers of ANN model 
2.3.6 Feed Forward Neural Network (FNN) 
Feed-Forward Neural Network (FNN) are characterised by a feed-forward function and 
as a result the information is processed from the input layer towards the output layer. 
The input values are initially introduced into the neurons of the first (input) layer of the 
ANN and are then process and transferred through the consecutive hidden layers. The 
last of the hidden layers is connected to the output layer (as shown in Figure 2.8). The 
values provided by the output neurons represent the predictions provided by the ANN 
(i.e. the predicted solutions of the problem considered). These predictions are then 
compared against their corresponding target values (included in the relevant database). 
The error value is then established in order to express the level of difference between 
the predicted and target values. The performance of the ANN (i.e. its ability to provide 
accurate predictions) is assessed based on the level of error established. This error can 
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be minimized by adjusting (calibrating) the weights and bias values of the ANN model. 
This is achieved through the training of ANN during which information (e.g. the error) 
flows back from the output layer towards the input layer. This process is explained in 
the next section. Overall, there are no set rules concerning the selection of the number 
of hidden layers, the type of activation functions used in individual layers or number of 
connections established between the neurons of consecutive layers.  
Depending on the number of layers included in the ANNs can be classified as (i) Single 
Layer Feed Forward (SLFF) Network and (ii) Multi-Layer Feed Forward (MLFF) 
Network [82-85]. Single Layer Feed Forward (SLFF) Networks have no hidden layers 
in their structure as the signal is processed from the input layer directly to the output 
layer, as shown in Figure 2.7(a). The Multi-Layer Feed Forward (MLFF) Networks 
include one or more consecutive hidden layers in its structures between the input and 
out layers, as illustrated in Figure 2.4(b).  
 
Figure 2.4: Different ANN with respect to number of layers (a) SLFF and (b) MLFF 
Networks 
2.3.7 Recurrent Neural Network (RNN) 
The Recurrent Neural Network is the type of ANN in which the signal can flow in back 
loops as shown in Figure 2.5. In RNNs information can be transmitted forwards and 
then backward (unlike in the case of the FNN where the information travels in one 
direction). 
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Figure 2.5: Differences in the function FNN and RNN 
2.3.8 Learning Mode of Artificial Neural Network 
Every ANN possesses information, stored in the form of the numerical value (weight) 
attributed to links or connections forming between neurons located in consecutive 
layers. The learning process (associated with the adjustment of the values of the weights 
and biases) enables the ANNs to provide accurate predictions (in agreement with the 
target values available in the databases) concerning the solution of the problem 
considered. Depending on the learning process adopted ANNs can be divided into fixed 
and adaptive ANNs. In the case of the fixed ANNs the weights are not allowed to 
change (i.e. the rate at which the weights W change with every iteration is zero, ΔW/Δt 
= 0) and consequently their values remain constant. In the case of the adaptive ANNs 
the weights are allowed to change (i.e. ΔW/Δt ≠0), depending on the information 
introduced to the ANNs during the training process. As a result, adaptive ANNs are 
considered more effective than fixed ANNs. Adaptive ANNs adopt the following 
learning methods: (i) supervised and (ii) unsupervised. 
When adopting supervised learning during each iteration (epoch), the ANN keeps 
attempting to predict net result (the solution of the problem considered) and compares it 
to the assigned target values. Through this process, the weights and bias values of ANN 
are adjusted. When adopting unsupervised learning input values are provided, but the 
target values are not provided for the training of the ANN. Due to which, the ANN 
models itself must then adopt what features they will use to group the input data. This is 
often referred to as self-organization or adaption.  
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2.3.9 Function of Free Forward Artificial Neural Network 
The function of the Multi-Layer Free Forward Neural Network (MLFNN) consists of 
two phases (as shown in Figure 2.6): (i) the free-forward (input signal) phase and (ii) 
the back-propagation (error signal) phase.  
2.3.10 Feed-forward Phase 
During feed forward phase information is processed from the input layer, through the 
consecutive hidden layers towards the output layer, (as shown in Figure 2.7a). There is 
no feedback (loops) during this process, and the output values obtained from each layer 
do not affect the previous layer. This means that the neuron of a specific layer is 
connected only with neurons of the preceding and the following layer and not with 
neurons within the same layer.  
 
Figure 2.6: Multilayer Feed Forward ANN (MLFNN) 
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2.3.11 Backwards Propagation phase 
After the feed forward phase, the output values (representing the predicted solution of 
the problem considered) are compared with the target values (included in the database) 
in order to assess the accuracy of the predictions obtained from the ANN. Based on the 
output and target values the error is calculated which express as well as its derivative. In 
order to improve the accuracy of the predicted solution and reduce the value of the error 
calculated the weights and bias values are adjusted. During this process information is 
transferred from the output layer towards input layer of the ANN. This process is known 
as the back-propagation phase of the MLFNN (as shown in Figure 2.7 b) [36, 37].  
 
Figure 2.7: (a) Free forward Phases and (b) Backwards Propagation Phase of MLFNN 
These networks are dynamic because their 'state' (weights and bias values) changes with 
every iteration until an equilibrium point (desired target) is reached, and the error 
becomes smaller than a pre-defined value. In order to calculate the adjustment of the 
values of the weights and bias, the derivative of the error function is required. This 
derivative shows whether the error value increases or decreases depending on the 
change in values of the weight and bias values. This can be achieved by slightly 
changing the value of a single weight slightly and then find its impact on the error. 
However, this process becomes very slow when it has to be repeated for a large number 
weights and bias values. A more effective technique, which is widely used for adjusting 
the weights and reducing the error, is the Back-propagation algorithm (BPA) which is 
described below [86-88]. After attaining the final weights and bias, the ANN is 
considered to have achieved a state of equilibrium. The ANN remains in this 
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equilibrium state until there is a change in the input database (e.g., due to the addition of 
new data), for which a new equilibrium state is required.  
2.3.12 The Back-Propagation Algorithm 
A widely used method for identifying the optimum combination of values of the 
weights and the bias (in order to reduce the error value) of an ANN for which the 
error function obtains its minimum value is the Back-Propagation Algorithm 
(BPA) [86-88]. This process is critical for the training of an ANN as it enables it to 
optimise its performance allowing it to provide more accurate predictions concerning 
the solution of the problem considered. The training time (i.e., the time required for the 
BPA process to complete) is dependent on the iterative process adopted. While trying 
to minimise the value of the error function (by adjusting the values of the weights and 
bias), the BPA can converge at the position of local minima. At which point the 
combination of values of the weights and the bias result in the value of the error 
function to become minimum for only a portion (rather the full) of the database; as 
shown in Figure 2.8. As a result, the predictions obtained from the ANN are not 
accurate. 
 
Figure 2.8: Different type of errors during ANN training Local and Global error  
The problem of local minima is a well know issue associated with the Multi-Layer Free 
Forward Neural Network (MLFNN) [84]. To avoid this problem, different initial 
random values are assigned to the weight. The BPA also depends on the type of 
activation function used in the feed forward phase. For example, if the linear type 
activation function is used, then its derivation and backward calculation are also easy 
requiring less analysis time. The BPA computes the error function E, which expresses 
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the difference between the desired target and the ANN output values. Figure 2.9 
explained how BPA functions. 
 
Figure 2.9: Neural Networks Input Signals flows from k to i 
In Eq. (2.2), 𝒇 is the activation function of ANN described in Figure 2.9, here the 
sigmoid (or logistic) activation function is used just for the explanation as in Eq. (2.3). 
f(y) =
1
1−e−x
         Eq. (2.3) 
The derivative of the Eq. (2.3) is found out in the following equations (from Eq. (2.4) to 
Eq. (2.7)); 
df(y)
d(x)
=
[0.(1−e−x)−(−e−x)]
(1−e−x)2
        Eq. (2.4) 
df(y)
d(x)
=
1
1−e−x
(
e−x
1−e−x
)        Eq. (2.5) 
df(y)
d(x)
=
1
1−e−x
(1 −
1
1−e−x
)        Eq. (2.6) 
df(y)
d(x)
= f(y)(1 − f(y))        Eq. (2.7) 
Eq. (2.7) explained the final form of derivate of Eq (2.3). The error E can be found out 
with the help of Eq. (2.8). 
E =
1
2
∑(tj  −  yj)
2        Eq. (2.8) 
Moreover, the derivative of Eq. (2.8) with respect to the output values is described by 
Eq. (2.9). 
∂E
∂yj
= −(tj −  yj)         Eq. (2.9) 
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The values of the weights are then adjusted in order to obtain the minimum error. Eq. 
(2.10) expresses analytically the relation between the change in the weight in 
relation to E and 𝛼 . 
∆wkj = −α
∂E
∂wkj
        Eq. (2.10) 
where,  
  ∆𝑤𝑘𝑗 = 𝑐ℎ𝑎𝑛𝑔𝑒 𝑖𝑛 𝑤𝑒𝑖𝑔ℎ𝑡𝑠 
  𝛼 =  𝑙𝑒𝑎𝑟𝑛𝑖𝑛𝑔 𝑟𝑎𝑡𝑒 (𝑖𝑛𝑑𝑒𝑝𝑒𝑛𝑑𝑒𝑑 𝑝𝑎𝑟𝑎𝑚𝑒𝑡𝑒𝑟)  
High values of learning rate (α) indicate that the values of the weights (wjk) change more 
drastically (large values of Δwjk) during each iteration. Large values of Δwjk can result in 
the training process not identifying the most optimum combination of values of the 
weights (allowing the error function to attain its minimum value). On the other hand, 
small values of α result in the values of the weights being adjusted slowly (small values 
of Δwjk) during each iteration. In this case, although more training time is required (due 
to the larger number of iterations that have to be carried out to satisfy the convergence 
criteria), the iterative process is able to identify more effectively the optimum 
combination of values of the weights that will enable the error function to attain its 
minimum value, allowing the resulting ANN to provide more accurate predictions.  
By expanding the partial derivative of the error function in relation to one of the weights 
with the help of the chain rule, Eq. (2.10) can be written in the form of Eq. (2.9). 
∂E
∂wkj
=
∂E
∂yj
∂yj
∂xj
∂xj
∂wkj
        Eq. (2.11) 
Adopting the sigmoid function (as explained in Table 2.4) as the transfer equation its 
derivative in relation to Eq 2.3 becomes, 
∂yj
∂xj
= yj(1 − yj)          Eq. (2.12) 
Based on the above, Eq. (2.1) can be re-written in the following form; 
∂xj
∂wkj
= yk          Eq. (2.13) 
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For further simplification of Eq. (2.11), error term 𝜹𝒋is introduce which is provided 
below 
δj = −
∂E
∂yj
∂yj
∂xj
         Eq. (2.14) 
Finally, by considering the partial derivative of the error term (in respect to one of the 
weights) and substituting Eq. (2.12) moreover, Eq. (2.13) into Eq. (2.9) we obtain Eq. 
(2.15); 
∂E
∂wkj
= (𝑡j −  yj) yj(1 − yj)yk       Eq. (2.15) 
Eq. (2.15) is associated with the hidden layer (j) and a similar equation for the output 
layer (i); 
∂E
∂yj
= ∑
∂E
∂yi
∂yi
∂xi
∂xi
∂yj
         Eq. (2.16) 
∂xi
∂yi
= wji         Eq. (2.17) 
Therefore, substituting Eq. (2.17) moreover, Eq. (2.14) into Eq. (2.16): 
∂E
∂yj
= − ∑ δiwji         Eq. (2.18) 
By introducing equations Eq. (2.17) and Eq. (2.18) above equation in Eq. (2.15) 
∂E
∂wkj
= − ∑(δiwji) yj(1 − yj)yk       Eq. (2.19) 
∂E
∂wkj
= −δiyk         Eq. (2.20) 
The equation expressing the change in the values of the weights attributed to the links 
connecting the neurons in layer k with those in layer j (as shown in Figure. 2.11) is 
provided by Eq. (2.21). 
∆wkj(n) = αδjyk + η∆wkj(n − 1)      Eq. (2.21) 
where 
α  : learning rate expressed by a real value between (0 and 1); 
yk : activation function for k
th layer 
δj : error term  
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η :momentum, a real value between (0, 1); the function of momentum is 
described in the next section. 
n and (n-1) refer to the current and previous iteration (epoch) number; 
The use of the momentum factor attempts to resolve the problem of the local minima. 
During each iteration (n) the correction of the weights Δwkj is provided as a function 
(see Eq. 2.21) of the product between the corresponding adjustment carried out in the 
previous iteration (n-1) and the momentum factor (η) having the values between 0 and 1 
and n refers to the epoch /iteration number. 
Through this process, ANN will avoid solutions associated with local minima allowing 
the process to identify the optimum set of values for the weights that allow the error 
function to achieve its position of global minima.  
Not ensuring that BPA in MLNN that the minimum value of the error function 
corresponds to the whole database considered (global minima) and not to a specific 
region of the database (local minima) can result overfitting [89]. Figure 2.10 explained 
the value achieved by the error function by the training and test set as the number of 
weight updates increases. To avoid the over-fitting of the ANN, it is better to use three 
subsets (training, validation, and testing) instead of two (training and testing) [89]. In 
this work, the subsetting technique is discussed and implemented in the following 
Chapter. Another way around overfitting is by using the weight decay factor in BPA.  
 
Figure 2.10: Overfitting Problem while training of ANN 
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2.4 Architecture and Performance Criteria of ANN Models 
The performance of an ANN depends on a number of parameters considered when 
selecting its architecture which is discussed in detail in the following section. These 
parameters include [90-94]: 
1. The Input variables selected from the database, 
2. The division of Input variables into subsets for the training of ANN, 
3. The normalisation of the input and output values, 
4. The selection of the initial values for the weights and bias,  
5. The number of hidden layers,  
6. The number of Neurons in the hidden layers, 
7. The type of activation function adopted between the different layers, 
8. The error function used for measuring the performance of the ANN which 
essentially expresses the difference between the predicted output values and the 
target values included in the database 
9. The training algorithm used to change the weights and bias values of each 
connection so that the ANN produces a better approximation of the desired 
output. 
It should be noted that no fixed guidelines exist concerning the choices made for the 
aforementioned parameters. As a result, the development of the ANNs is usually based 
on a trial and error process which makes use of guidelines provided by relevant studies 
available in the literature [90-94] which suggest:  
1. A sufficient number of input samples should be included in the database so that 
each subset has an adequate number of samples for the training, validation, and 
testing. 
2. Sigmoid activation functions are normally used between the first two layers 
(input and the first hidden layer) of the ANN whereas the hyperbolic tangent 
activation function is used in the output layer. 
3. The number of neurons included in the hidden layers should be double the 
number of the neurons included in the input layer. 
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4. Use initially randomised values for all weights and bias. The values can be in 
between -0.5 and 0.5. 
5. Validation check should be done after each epoch in order to avoid the problem 
of local minima and over-fitting in BPA of ANN. 
 
Figure 2.11: Detail Flow Chart of ANN Modelling 
2.4.1 Developing Procedure of ANN 
Figure 2.11 described the process through which the development of the ANN is 
achieved. Based on experience [10-14, 60, 95-103] multilayer feed-forward ANNs are 
considered to be the most appropriate for the type of problem presently studied. The 
procedure adopted herein for the development of the ANNs can be summarised as 
follows; 
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1. Develop a database which summarises all available information of the problem 
considered 
2. Select the ANN Architecture based on the guidelines discussed in section 2.8. 
3. Set initial values for the weights and biases 
4. Train/calibrate the ANN model 
5. Validate the predictions of the ANN (post-training analysis) 
6. Use the validated ANN as a predictive tool 
The whole procedure employed for developing the ANN can be summarised in three 
stages (as shown in Figure 2.12). 
1. Pre-Processing of the database for ANN Modelling:  
2. Training of ANN Model:  
3. Post-Processing of database for ANN Modelling 
 
Figure 2.12: Three Steps of ANN Development 
2.4.2 Pre-processing phase  
The Pre-processing phase includes the development of the database, the normalisation 
of the data and the selection of the most appropriate input parameters.  
2.4.3 Development of Database:  
For the development of a database, available relevant experimental data is collected. For 
the problem presently considered, a database of 619 samples obtained from simply 
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supported RC beam specimens without stirrups subjected to 3 or 4-point loading tests is 
formed. The database describes the effect of various design parameters on the load-
carrying capacity and mode of failure exhibited by the RC beams specimens when 
approaching the ULS. Table 2.4 explained the statistical information concerning the 
variation of particular parameters associated with the specimens considered.  
Table 2.4: Statistics analysis of the parameters included in the databases 
 Units Min Max Mean St. Dev+ COV* 
b mm 50 1000 197.23 128.3 0.66 
d mm 65 2000 320.42 209.34 0.66 
av/d  0.38 11.42 3.57 1.58 0.45 
ρl % 0.14 7.46 2.09 1.11 0.54 
fy MPa 35 1779 423.83 158.27 0.38 
fc MPa 12.2 110.9 38.71 21.62 0.56 
Vu kN 7 683 87.66 77.34 0.89 
*Coefficient of Variance 
+ Standard Deviation 
2.4.4 Sensitivity Analysis of Parameters  
The Sensitivity Analysis (SA) provides information about the relationship between two 
parameters (considered in the database). For this purpose, the Pearson's correlation 
coefficient (r) is presently used which is described by Eq. (2.22) [104].  
r =
nΣxy−(Σx)(Σy)
√n(Σx2 )−(Σx)2√n(Σy2 )−(Σy)2 
      Eq. (2.22) 
where r is Pearson's correlation coefficient, n is the total number of samples and x, y are 
the two variables considered 
Tables 2.5 described the correlation between the parameters considered by the ANN 
employed. The linear correlation coefficient (r) can obtain values between 1 and -1 
(1>r>-1). Negative values of r result in an inverse effect the values of the two 
associated parameters (i.e., an increase in the value of one parameter will lead to the 
decrease in the value of the other). Positive values of r have a similar effect on the 
values of the associated parameters (i.e., an increase in the value of one parameter will 
result in an increase of the other) [104]. Higher values of |r| lead to a more pronounced 
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effect. Based the above, different combinations of input parameters are selected for the 
case of the beams without and with stirrups a shown in Table 2.5. All parameters 
mentioned in the latter table (b, d, av/d, ρl, fyl, fc) are used in the modelling of ANN. 
Table 2.5: Values of r expressing the effect between parameters in Database 
 
b d av/d ρl fyl fc Vu 
b 1.00 
      d 0.45 1.00 
     av/d -0.10 -0.01 1.00 
    ρl -0.12 -0.10 0.20 1.00 
   fyl 0.23 0.00 -0.06 -0.03 1.00 
  fc 0.17 0.01 -0.07 0.30 0.41 1.00 
 Vu 0.77 0.66 -0.13 0.21 0.27 0.38 1.00 
2.4.5 Normalisation of Database 
Normalisation of the database is the first step of the ANN training procedure [36]. Both 
input and target parameters are normalised. The ANN output values can be reverse-
transformed back into the units of the original target data when the network is put to use 
in the field. The normalisation of the parameters considered in the database has a 
significant impact on the development and function of the ANN. Considering that the 
various input combinations are associated with different units the normalisation process 
allows their conversion to unit-less parameters. To avoid problems associated with low 
learning rates of the ANN [36, 37] it is better to normalise the values of the parameters 
between an appropriate upper and lower limit value of the subject parameter. In this 
work, instead of using MATLAB automatic functions of normalisation, the 
normalisation is done by the user. This is because to control the whole process of ANN 
by the user instead of by code. All parameters associated with the 619 beams without 
stirrups are normalised between (0.1, 0.9) instead of (0, 1), by using following Eq. 
(2.23). 
𝑋 = (
0.8
𝑥𝑚𝑎𝑥−𝑥𝑚𝑖𝑛
) 𝑥 + [0.9 − (
0.8
𝑥𝑚𝑎𝑥−𝑥𝑚𝑖𝑛
) 𝑥𝑚𝑎𝑥]    Eq. (2.23) 
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2.4.6 Training of ANN Model  
The training process which the ANN is subjected to includes the division of the 
database into subsets and the selection of appropriate training and learning algorithms. 
For training purposes, a number of different packages are available. In the present study, 
MATLAB [35] is used for the development of the ANN. Table 2.6 explained the 
different parts (i.e., input values, target values, a method of database division, type of 
activation function, type of error function and options for user control) of MATLAB 
code for ANN development as presented in Appendix A. 
Table 2.6: MATLAB code of ANN 
 1 2 3 4 5  1 
 Database Hidden 
Layers 
Activation 
Function 
Training & 
Learning 
Algorithms 
Error 
Function 
User 
Control 
Division  
net= 
newff 
(Input, 
Trg, 
{ H1,H2} {'logsig’,’ 
logsig', 
'tansig'}, 
'trainlm', 
'learngdm' 
,'mse' ,{},{} 'dividerand') 
2.4.7 Division of Database  
To avoid overfitting of ANN, the database is divided into Training, Validation and 
Testing subsets (TVT) [90]. The first subset is the training set, which is used for 
computing the gradient and updating the network weights and biases. The second subset 
is the validation set. The value of the error is calculated and monitored based on the 
validation subset during the training process. However, when over-fitting occurs, the 
error value obtained from the validation subset typically begins to rise. The network 
weights and biases are saved when the error calculated on the basis of the validation set 
attains its minimum value. The third subset is the testing subset, and it is used to 
compare the predictions of different models. It is also useful to plot the values of the 
error calculated on the basis of the test sub-set during the training process. If the error of 
the test sub-set attains its minimum value at a significantly different iteration number 
compared to that at which the minimum value of validation sub-set error is achieved this 
can potentially indicate a poor division of the data set which means that one or more of 
the three subsets are not representative of the overall database. In MATLAB [35] there 
are four functions available for dividing data into training, validation and test sub-sets 
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which are summarised in Table 2.7 together with the advantages and disadvantages. In 
the present study, the “dividerand” and “divideind” are employed to assess their effect 
on the performance of ANN. As these two methods divide the database into subsets 
unlike the other two methods “divideblock” and “divideint”, which divide the database 
into blocks. 
Table 2.7: Four Division Functions 
Functions Description  Merits/Demerits 
dividerand Divide the data randomly (default) User has no control 
divideblock Divide the data into contiguous blocks User has no control 
divideint Divide the data using an interleaved selection User defined 
divideind Divide the data by index User defined-Constant 
2.4.8 Training and Learning Algorithms 
As described earlier in Chapter 2, during the learning process of the BP [86-88] 
information is processed forwards (from the input layer, through the hidden layers to the 
output layer) through the network. The difference (error) between the calculated 
(predicted) output values and the corresponding target values included in the training 
dataset is calculated. The error function is then minimised using the gradient- descent 
technique. This is achieved by adjusting (correcting) the values of the weights and bias 
of the network during each iteration by calculating the partial derivative of the error 
function with respect to each weight. The BP which based on the gradient-descent or the  
Jacobian method [86], is derived using the chain rule of calculus. The BP learning has 
become the standard method and process in adjusting weights and biases for training an 
ANN in many engineering applications [86]. However, BP (gradient-descent) has three 
limitations, (a) the suitable architectures of ANN is not easy to find (b) the BP may fall 
into local minima instead of a global minimum [36] and (c) each time ANN is trained a 
different solution can be obtained due to the different initial values assigned to the 
weights and bias and the different ways in which the database is divided into the three 
subsets mentioned earlier. As a result, different ANN trained for solving the same 
problem and on the basis of the same database can provide different outputs 
(predictions). To ensure that ANN is capable of predicting accurate predictions, it 
should be trained at least three times. For the MLFFBP there are 12 training algorithms 
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available in MATLAB (summarised in Table 2.8) which are based on different defining 
convergence criteria.  
Table 2.8: Different Training Algorithms 
Sr. No Notation Description  
1 trainlm Levenberg-Marquardt 
2 trainbr Bayesian Regularization 
3 trainbfg BFGS Quasi-Newton 
4 trainrp Resilient Backpropagation 
5 trainscg Scaled Conjugate Gradient 
6 traincgb Conjugate Gradient with Powell/Beale Restarts 
7 traincgf Fletcher-Powell Conjugate Gradient 
8 traincgp Polak-Ribiére Conjugate Gradient 
9 trainoss One Step Secant 
10 traingdx Variable Learning Rate Gradient Descent 
11 traingdm Gradient Descent with Momentum 
12 traingd Gradient Descent 
The learning process in an ANN is facilitated via a training algorithm. There are many 
different training algorithms for the multilayer perceptron such as the quasi-Newton 
method and the evolutionary algorithm. The training algorithm has the task to solve 
what is essentially an optimisation problem, by adjusting the parameters (e.g., the values 
of the weights and biases) in the ANN in order to minimize the value obtained from the 
error function so that the ANN can provide predictions which form the optimum fit for 
the associated database. The simplest optimisation algorithm is the gradient descent. 
This algorithm updates/adjusts the values of the weights and biases to minimise the 
error. The fastest training function is the Levenberg-Marquardt (trainlm) function, and it 
is the default training function for FFNN in Matlab ANN toolbox. The quasi-Newton 
function (trainbfg) is also quite fast. Both of these functions tend to be less efficient for 
large networks (with thousands of weights) since they require more memory and more 
computation time for such cases. The Levenberg-Marquardt (trainlm) training function 
performs better when considering function fitting (nonlinear regression) problems rather 
than pattern-recognition problems. Scaled Conjugate Gradient (trainscg) and Resilient 
Backpropagation (trainrp) training functions provide a good choice when training large 
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networks and when training pattern recognition networks. Their memory requirements 
are relatively low, and they are much faster than standard gradient descent algorithms.  
As mentioned earlier, in an attempt to enhance the learning (training) process that 
ANNs are subjected to second order learning algorithms are used such as the Levenberg 
Marquardt (LM) algorithm [105, 106]. The LM algorithm was developed only for layer-
by-layer ANN topology, which is far from optimal and it is considered to be the most 
efficient training algorithms for small and medium sized patterns [105, 106]. The LM 
algorithm is successful in increasing the convergence speed of ANNs with MLP 
architectures [105, 106] as it formulation is based on both Newton’s method and 
steepest descent. The LM algorithm inherits speed from Newton’s method and the 
convergence capability of the steepest descent method. It is suitable when training 
ANNs in which the performance index is calculated based on the Mean Squared Error 
(MSE), however, it is not able to avoid problems associated with local minima [36, 89]. 
Table 2.9 summarised the different input parameters for the LM training algorithm in 
Matlab.  
Table 2.9: Parameters associated with the Levenberg-Marquardt algorithm in Matlab 
net.trainParam.epochs 1000 Maximum number of epochs to train 
net.trainParam.goal 0 Performance goal 
net.trainParam.max_fail 6 Maximum validation failures 
net.trainParam.min_grad 1e-7 Minimum performance gradient 
net.trainParam.mu 0.001 Initial mu 
net.trainParam.mu_dec 0.1 Mu decrease factor 
net.trainParam.mu_inc 10 Mu increase factor 
net.trainParam.mu_max 1e10 Maximum mu 
net.trainParam.show 25 Epochs between displays  
net.trainParam.showCommandLine false Generate command-line output 
net.trainParam.showWindow true Show training GUI 
net.trainParam.time inf Maximum time to train in seconds 
Mu= adaptive value of weight/bias 
 
Chapter 2-Artificial Neural Network 
39 
All 12 training functions are used in the case study considered in the present section. 
The purpose of doing this is to assess the previous guidelines and to to study the 
different between these training functions. The following sections are concerned with 
these 12 training functions and their effect on the performance of ANN. 
2.4.9 Post-processing phase  
The post-processing phase is associated with the use of the error functions, the stopping 
criteria and the de-normalization of the results. 
2.4.10 Error Functions  
The ability of an ANN model to provide accurate predictions can be demonstrated by 
when the subject network achieves high values of correlation factor (R) [84, 91]. In the 
present study, in addition to the correlation factor (R), two more error functions – the 
Mean Square Error (MSE) and the Mean Absolute Error (MAE) are also considered. The 
most optimum ANN model exhibits the highest value of R in combination with the 
smallest values of MSE and MAE. The analytical formulae expressing the correlation 
factor (R) the Mean Squared Error (MSE) and the Mean Absolute Error (MAE) are 
provided in Eq.(2.24), Eq. (2.25) moreover, Eq. (2.26) respectively [90]. 
𝑅 =
∑ (𝑇𝑖−𝑇𝑖
′)(𝑂𝑖−𝑂𝑖
′)𝑛𝑖=1
∑ (𝑛𝑖=1 𝑇𝑖−𝑇𝑖
′)2 ∑ (𝑛𝑖=1 𝑂𝑖−𝑂𝑖
′)2
       Eq. (2.24) 
𝑀𝑆𝐸 =
∑ (𝑇𝑖
2−𝑂𝑖
2)𝑛𝑖=1
𝑛
        Eq. (2.25) 
𝑀𝐴𝐸 =
∑ |𝑇𝑖−𝑂𝑖|
𝑛
𝑖=1
𝑛
         Eq. (2.26) 
where, 𝑇𝑖 and 𝑂𝑖 are the experimental and predicted outputs for the i
th output, 
respectively; 𝑇𝑖
′and 𝑂𝑖
′ are the average of experimental and predicted output, 
respectively and n is the number of samples. 
2.4.11 Stopping Criteria for ANN 
After defining the architecture of ANNs and during training the stopping criteria is 
critical regarding the performance of ANN. The Levenberg-Marquardt training 
algorithm adopts the five following stopping criteria [89]. It should be mentioned that 
the training process stops when any of these five conditions occur. 
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1. The maximum number of epochs (repetitions) is reached or 
2. The maximum amount of time is exceeded or 
3. Minimum error value is achieved or 
4. The performance gradient falls below a minimum acceptable value (min_grad) 
or 
5. Validation performance increases more than max_fail times  
In this work, each ANN model is trained until one of the following conditions is met:  
1. 100 iterations (epochs for full MLFFBP process) are carried out. 
2. Maximum of 6 validation failures are exhibited. Validation failure occurs when 
the performance of the ANN (during each iteration) fails to improve or remains 
constant.  
3. The value of performance goal becomes 10-e6 expressing the difference 
between the target and output values and (as mentioned in Eq-2.10). 
4. Minimum performance gradient (related to the rate at which the weights are 
adjusted through the MLFFBP process) becomes 10-e10. These conditions are 
proposed by the Levenberg-Marquardt back-propagation method which is 
currently adopted. 
Figure 2.13(a-d) explained the training window of ANN in MATLAB. Four (Training 
window, regression value of subsets, performance and Validation checks and training-
state) plots are also provided that allow one to observe the progress of the training 
process. The training window shows the all code part (as described in the Section 2.10). 
The regression plot shows the related values of the performance indicators (associated 
with each subset, i.e., training, validation, testing, and Overall). The performance plot 
showed the MSE value against best iteration number. The training-state plot illustrates 
the progress of other training variables, such as the gradient magnitude and the number 
of validation checks. The performance and regression plots are very useful in order to 
validate and optimised the ANN performance. 
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(c) (d) 
Figure 2.13: Plot of (a) ANN training in MATLAB, (b) Performance, (c) MSE against 
Epochs and (d) Gradient and Validation Checks 
2.4.12 De-normalization of Results 
The de-normalization of the results (output values) is carried out by employing the 
inverse equation of Eq. (2.25), analytically expressed by Eq. (2.29). 
𝑥 = (𝑋 − [0.9 − (
0.8
𝑥𝑚𝑎𝑥−𝑥𝑚𝑖𝑛
) 𝑥𝑚𝑎𝑥]) (
𝑥𝑚𝑎𝑥−𝑥𝑚𝑖𝑛
0.8
)    Eq. (2.29) 
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The de-normalisation process is carried out only on the optimised prediction of the 
results. Then this ANN predicted values are used for assessing the structural response of 
RC members at ULS.  
2.5 Conclusion 
The aim of this Chapter is to describe the background of ANN and its utilization in the 
past for solving structural engineering problems. Also to identify guidelines for the 
selection of the architecture and training of ANN models used for predicting the 
behaviour of RC structural configurations at ULS. Following are the conclusions of this 
chapter; 
• Different ANN techniques were used to predict the RC structural response, 
however, ANN models employing the back propagation process are capable of 
accurately predicting the load carrying capacity of the RC members.  
• The architecture and training process adopted for the development of the ANN 
depends on a number of different parameters, i.e., division of the databases into 
sub-sets, the number of hidden layers and hidden neurons employed, the type of 
activation function used as well as the type of the training and learning 
algorithms selected. 
• The available Matlab tool for the ANN can’t be used for the detail training of 
ANN models, therefore customize tools is required. The selection of ANN 
architecture, type of activation function, procedure of sample division, 
normalization process and iteration rate will be discussed in Chapter 4 in detail. 
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CHAPTER 3: ASSESSMENT METHODS FOR REINFORCED 
CONCRETE MEMBERS 
3.1 Introduction  
In this Chapter, different methods adopted for assessing the load-carrying capacity of 
RC members at ULS are concisely discussed. Initially, the emphasis is focused on the 
current RC design codes. An alternative assessment method is then described, the 
development of which is based on a physical model (used to describe the mechanics 
underlying RC structural response when approaching the ULS) which is based on an 
assumption which are different (if not contradictory) to those adopted by the RC design 
codes. This method is the Compressive Force Path (CFP) method. Due to its different 
assumptions concerning the mechanics underlying RC structural response at ULS the 
use of the CFP method can often lead to design solutions or predictions concerning RC 
structural response which may be different to those provided by the design codes.  
Nonlinear finite element analysis is also employed for predicting the behaviour of RC 
structural configurations up to failure. The numerical predictions often complement the 
available experimental data allowing a more detailed insight into the mechanics 
underlying the behaviour of the RC structural forms investigated throughout the loading 
process. A well-established commercial finite element analysis package ABAQUS is 
presently employed which is found capable of realistically predicted the behaviour of 
RC structural forms under different loading conditions. The different materials models 
for describing concrete material behaviour and the iterative solutions strategy adopted 
by ABAQUS when predicting the behaviour exhibited by RC structural configurations 
is discussed in detail in the present Chapter. ABAQUS is used to predict the behaviour 
of a range of RC specimens (i.e., Beams, Columns, T-beams, Flat Slab, indeterminate 
beams, and Frames) in the following chapters. 
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3.2 Load Carrying Capacity of RC Members at ULS 
In practice, the Ultimate Limit State (ULS) design of reinforced concrete (RC) members 
is carried out through the use of available design codes (e.g., ACI, EC2, JSCE, KBSE, 
CSA and NZ) [1-6].The physical models (i.e. truss-analogy, strut & tie models) adopted 
by the majority of available codes for describing RC structural response approaching the 
ULS assume that an RC member, after crack formation, behaves essentially as a truss, 
with concrete and reinforcement bars acting in compression forming struts and the 
reinforcement bars acting in tension forming ties (as shown in Figure 3.1). On the basis 
of the above physical models, a sectional approach is usually adopted when assessing 
load-bearing capacity. This process is limited to the “critical” regions of the RC member 
which are characterised by high values of internal actions (i.e., shear forces, bending 
moments). At these regions, the flexural and shear capacity are assessed essentially 
independently. In the case of flexural capacity, a good agreement is observed between 
the predicted and experimentally established values, whereas in the case of shear 
capacity the above values often exhibit significant differences. Such differences can be 
attributed to the empirical nature of the formulae employed for predicting shear 
capacity, the derivation of which is based on the regression analysis of available test 
data which is characterised by considerable scatter [112, 113]. 
 
Figure 3.1: Truss model of an RC member 
Different RC design codes (i.e., ACI, EC2, JSCE, KBSE, CSA and NZ) [1-6] are used, 
for predicting certain aspects of the behaviour exhibited by RC structural elements when 
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approaching the Ultimate Load State (ULS). The majority of the design codes based on 
the same assumption, i.e., Truss Analogy [1-6].  
Table 3.1: Shear equations from current RC Design Codes 
Codes 𝐕𝐜 𝐕𝐬 Limitations 
ACI-318-
11 
(SI-Units) 
Vc
= (0.16(fc′)
1/2
+ 17
A𝑠Vu
Mu
) bd 
𝐕𝐬,𝟒𝟓° =  
𝐀𝐬𝐰𝐟𝐲𝐰𝐝
𝐬
 
But not greater than: 
𝐕𝐜 = 𝟎. 𝟐𝟗√𝐟𝐜𝐛𝐝 
EC2 
(SI-Units) 
Vc = 0.18 k(100ρlfc)
1
3⁄ bd 
 
Vs =
Aswfyw(0.9d)Cotθ
s
 
Where 1≤Cotθ≤2.5 
𝐕𝐬 = 𝟎. 𝟗
𝐀𝐬𝐰𝐟𝐲𝐰𝐝𝐂𝐨𝐭𝛉
𝐬
 
𝐤 = (𝟏 +  √
𝟐𝟎𝟎
𝐝
) < 𝟐 
𝛒𝐥 =
𝐀𝐬
𝐛𝐝
< 𝟎. 𝟎𝟐 
But not less than: 
𝐕𝐜
= 𝟎. 𝟎𝟑𝟓(𝐤)𝟑/𝟐(𝐟𝐜)
𝟏/𝟐𝐛𝐝 
JSCE 
(SI-Units) 
Vc = βdβpβnfvcdbd/𝛾b 
𝛾b = 1.0 
Vs
=
Aswfyw(sinα + cosα)𝑧
s𝛾b
 
Z=d/1.15 
fvcd = 0.20(fc)
1
3⁄ ≤0.72 
βd = (
1000
d
)
1
4⁄
≤ 1.5 
βp = (100ρl)
1
3⁄ ≤ 1.5 
0≤  βn≤2.0 
KBCS- 
(SI-Units) 
Vc
= (0.16(fc)
1
2
+ 17.6ρl
Vud
Mu
) bd 
Vs = fywρw bd 
But not greater than: 
Vc = 0.29√fcbd 
CSA 
(SI-Units) 
Vc = Φcλβ (fc)
1
2⁄ bd Vs =
ΦsAswfywdCotθ
s
 
But not greater than: 
Vc = 0.25Φcfcbd 
NZ 
(SI-Units) 
Vc = 𝑣𝑐𝐴𝑐𝑣 
𝐴𝑐𝑣 = 𝑏𝑑 
vc = 𝑘𝑑𝑘𝑎𝑣𝑏 
ka = 1.0 
Vs, =  
Aswfywd
s
 
kd = for  
d ≤ 400m = 1.0 
d>400 mm =(
400
𝑑
)0.25 
But not greater than: 
vb = min ((0.07 + ρ𝑤)√𝑓𝑐  
or 0.2√𝑓𝑐)  >0.08√𝑓𝑐 
 All safety factors are taken as 1.0 
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3.3 Current RC Design Codes Theories 
In this work, different RC design codes (i.e., ACI, EC2, JSCE, KBSE, CSA, and NZ) 
[1-6] have been developed for the prediction of shear strength at Ultimate Load State 
(ULS). Table 3.1 explained the different shear equations for RC beams [1-6]. The basic 
concept of all these RC design codes is based on the Truss Analogy (TA). 
3.3.1 Truss Analogy (ACI, EC-2, JSCE, KBCS & NZ) 
In the case of shear capacity, current design philosophy assumes that the internal shear 
component acting on an RC structural element is transferred by a combination of: (i) 
tension acting on the stirrups, (ii) direct shear transfer by the un-cracked portion of the 
RC structural element’s and (iii) through the cracked portion of the element’s cross-
section by means of aggregate interlock and dowel action. On the basis of the previous 
assumptions, the shear-transfer mechanism adopted by the codes is shown in Figure 3.1. 
As a result, shear failure is either associated with the failure of the vertical ties (acting in 
tension) or the inclined struts (acting in compression) of the TA model representing the 
RC structural component considered at ULS. To determine shear capacity each code 
employs its own empirical formulae (as shown in Table 3.1), the derivation of which is 
largely based on the regression analysis of available test data. Flexural capacity is owed 
to the resultant of the compressive and tensile stresses acting normal to the cross-section 
of the element (as shown in Figure 3.1). The resultant force developing within the 
compressive region is usually assessed through the use of the stress-strain curve 
describing the behaviour of concrete under uniaxial compression.  
The prediction of these physical models are normally underestimated (as discussed in 
Chapter 4 with references) as compare to the experimental results. This comparative 
studies are discussed in details in Chapter 4, 5 and 7. To overcome this problem 
different physical (i.e Compressive Force Path (CFP) [34]) and predictive tools (i.e. 
ANN) are suggested and used. The compressive force path method is discussed in detail 
in the next section of this chapter and the developing procedure of ANN is discussed in 
chapter 4. 
3.4 Compressive-Force-Path Method 
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The Compressive Force Path (CFP) [34] method is presented concisely in the present 
section. It provides the basis of a new, modified design approach for implementation 
within the limit-state philosophy in the practical design of RC structures. The predicted 
results provided by CFP method for static and seismic loading have been validated 
numerically and experimentally [34]. The method describes the behaviour of a simply-
support beam at its ultimate limit state as an arch-like structure, as shown in Figures 3.2 
and 3.3. The physical model based on CFP method is based on bending moment 
diagram of the beam where the region of the structure between points of zero moments 
are considered as ‘simply supported’ elements connected at the point of inflection (i.e., 
internal support). The physical model of CFP method is schematically illustrated in 
Figure 3.3. Unlike the conventional truss analogy (TA) model adopted in a current code 
of practice, CFP method seems to satisfy the design solutions for earthquake-resistance 
structures by identifying the locations at which the RC structure may undergo brittle 
failure due to transverse tension. 
The fundamental assumptions upon which the CFP method is based are: 
• Concrete behaviour is brittle and characterised by triaxiality  
• The contribution of aggregate interlock and dowel action to shear capacity is 
negligible  
• The area of the compressive zone has a significant effect on shear capacity. 
• In the case of cyclic (e.g., earthquake) loading the inclined struts of the TA 
cannot form due to the densely spaced inclined intersecting cracks on the 
web of the RC element. 
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Figure 3.2: Difference between TA and CFP Models [34] 
The latter assumptions are incompatible with the TA and lead to a fundamentally 
different physical model for describing RC structural behaviour at the ULS. In the case 
of simply-supported RC beams subjected to transverse point loads applied at a certain 
location along the element span, the latter model takes the form presented in Figure 3.4. 
Failure is considered to occur due to the development of transverse tensile stresses at 
specific locations along the path followed by the compressive force. These locations are 
dependent on the value of the shear span-to-depth ratio (av/d). The manner in which av/d 
affects the beam load-carrying capacity (expressed as Mu/Mf) is indicated in Figure 3.4 
[34] in which four distinct types of structural element behaviour are identified. 
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Figure 3.3: CFP model of an RC member [34] 
 
Figure 3.4: Relation between bending moment corresponding to load-carrying capacity 
and shear span with regions I and IV indicating ductile and II and III brittle 
types of failure.[34] 
3.4.1 CFP Type-I  
Type I behaviour is characterised by a flexural mode of failure preceded by longitudinal 
splitting of the concrete in the compressive zone of the beam. This occurs when 
concrete strength in the compressive zone is exhausted due to the development of 
transverse tensile stresses induced by volume dilation of concrete in the adjacent regions 
which include primary flexural cracks. It should be noted that due to the internal actions 
developing before the loss of bond (τ) on a portion of RC beam between two 
consecutive cracks (concrete tooth) a complex triaxial state of stress develops within the 
compressive region (as shown in Figure 3.5) which differs considerably to that 
exhibited under uniaxial compression [34]. This allows the maximum stresses be 
Type I 𝑎𝑣/𝑑 > 5 
Type II 2.5 < 𝑎𝑣 𝑑⁄ < 5 
Type III 1 < 𝑎𝑣 𝑑⁄ < 2.5 
Type IV 𝑎𝑣 𝑑⁄ < 1 
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developing within the compressive zone of the beam to attain values approximately 
equal to 1.5 times fc  [34] 
3.4.2 CFP Type-II 
Type II behavior is characterized by a brittle mode of failure usually caused by tensile 
stresses developing either in the region of change of the CFP direction (location 1, as 
shown in Figures 3.3 & 3.5) or in the region of the cross-section where the maximum 
bending moment combines with the shear force (location 2, as shown in Figure 3.3 and 
Figure 3.5). The transverse stress resultant at location 1 is considered numerically equal 
to the acting shear force, and, its effect is considered to spread over a distance of d, on 
either side of location 1. The value of the tensile force that can be sustained at this 
location is determined by Eq.(3.1) [34]. 
TII,1 = 0.5 ∙ b ∙ d ∙ ft       Eq. (3.1) 
 
Figure 3.5: Internal action developing along the CFP of a beam exhibiting type II 
behaviour [34] 
If the developing shear force is higher than the value provided by Eq. (3.1), stirrups are 
uniformly placed over a length d on both sides of location 1. The amount of stirrups 
required is provided by Eq. (3.2), and their spacing should not exceed 0.5d. [34] 
V = Asw,II1fyw  (2d/s + 1)      Eq. (3.2) 
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Figure 3.6: Internal forces developing on a concrete tooth (a) before and (b) after the 
loss of bond [34] 
Further to location 1, transverse tensile stresses within the compressive zone may also 
develop at location 2 (as shown in Figure 3.5) due to the loss of bond between the 
longitudinal reinforcement and the surrounding concrete. Figure 3.6 indicated a portion 
of the beam between two cross-sections defined by consecutive cracks (concrete tooth), 
accompanied by the internal forces which develop at these cross-sections before and 
after the loss of bond. Based on the equations of equilibrium the bending moment and 
shear forces are given by Eq. (3.3) and Eq. (3.4) [34].  
M=Fs∙z          Eq. (3.3)  
V=dM/dx=dFs/dx∙z+Fs∙ (dz/dx)      Eq. (3.4) 
Loss of bond can lead to an extension of cracking and, hence, to a reduction of the depth 
of the compressive zone (as shown in Figure 3.6b) [34] 
Fc ∙ (x − x1)/2 = V ∙ x/2        Eq. (3.5) 
This reduction leads to an increase in the intensity of the compressive stress field thus 
leading to dilation of the volume of concrete in the compressive zone, which in turn 
causes the development of transverse tensile stresses (σt, as shown in Figures 3.5&3.6) 
in the adjacent regions Eq. (3.6). 
|σt| = fc {5(fykAs V⁄ − 1)}⁄        Eq. (3.6) 
By considering these transverse tensile stresses and the ensuing complex triaxial stress 
state, it is possible to express the shear force (VII,2) that can be sustained at locations 2 
as Eq. (3.7). 
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VII,2 = Fc ∙ [1 − 1/(1 + 5 ∙ ft/fc)]      Eq. (3.7) 
If the developing shear force is higher than the value provided by Eq. (3.6), stirrups are 
needed. To calculate the amount of stirrups required it is necessary to calculate the 
vertical and the horizontal stress resultants in the region between (i) the area where the 
inclined and the horizontal portion of the compressive path meet (region 1, as shown in 
Figure 3.5) and (ii) the point at which the load is applied: 
TII,2v = σt(av − 2.5d)b 2⁄        Eq. (3.8) 
TII,2h = σt(av − 2.5d)x 2⁄        Eq. (3.9) 
Based on Eq. (3.8) and moreover, Eq. (3.9), the amount of stirrups required is obtained 
from Eq (3.10) and Eq. (3.11): 
Asw,II2v = TII,2v fyw⁄         Eq. (3.10) 
Asw,II2h = TII,2h fyw⁄         Eq. (3.11) 
3.4.3 CFP Type-III 
Type III behaviour is characterised by a brittle mode of failure caused by the deep 
penetration of the inclined, closest to the support, crack into the compressive zone of the 
beam. This crack reduces the strength of the uncracked concrete in the compressive 
zone in the region where the inclined and the horizontal compressive path of the model 
meet (region 1, as shown in Figure 3.3), which causes a reduction in the flexural 
capacity of the beam. Based on the internal action presented in Figure 3.7 a measure of 
the maximum shear force that the concrete alone can carry in this region is provided by 
Eq. (3.12). 
VIII =
M𝐼II
av
          Eq. (3.12) 
where: 
MIII =  MII
(2.5d)
+
(Mf−MII
(2.5d)
)(2.5d−av)
(1.5d)
      Eq. (3.13) 
MII
(2.5d)
= 2.5dVII,1        Eq. (3.14) 
The stirrups required are provided by Eq. (3.15) and are distributed within the shear 
span with a spacing smaller than 0.5d: 
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Asw,III = 2(Mf − MIII) (avfyw)⁄        Eq. (3.15) 
  
Figure 3.7: Internal actions are developing in an RC beam exhibiting type III behaviour 
[34] 
3.4.4 CFP Type-IV 
Type IV behaviour can be characterised by two modes of failure either due to the failure 
of the horizontal element of the CFP model or due to the failure of the uncracked end 
portion of the beam (inclined leg of the ‘frame’ of the CFP model) in compression. 
From the moment equilibrium of the free body, as shown in Figure 3.8(a) the flexural 
capacity (Mf) can be easily calculated, and consequently, the associated load-carrying 
capacity (Pf) can be determined from Eq. (3.16). 
Pf = Mf/av        Eq. (3.16) 
On the other hand, the load-carrying capacity (PD) corresponding to the strength of the 
inclined leg of the ‘frame’ will be equal to the vertical component of the load (FD) that 
can be carried by this leg. As indicated in Figure 3.8(b), FD is easily calculated by 
taking the depth of the leg equal to av/3 as recommended in following Eqs. 
PD = FD z/ (z2 + av2)1/2        Eq. (3.17) 
Where; FD = (av/3) b fc          Eq. (3.18) 
Therefore, the load-carrying capacity of a beam in the case of type IV behaviour will be 
Pu = min (Pf, PD)         Eq. (3.19) 
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(a) (b) 
Figure 3.8: (a) Internal actions and (b) cracking on a beam exhibiting type IV behaviour 
[34] 
Table 3.2: Difference between the TA and CFP 
Sr. No RC Design Codes (TA) CFP 
1. Focuses on critical sections Focuses on the specimen as a whole. 
2. Assumes that an RC member at ULS 
behaves as a truss analogy or a strut & 
tie model. 
Assumes that an RC member at ULS 
behaves as an arch-like frame. 
3. Uniaxial stress-strain curves are used to 
describe concrete material behaviour. 
Accounts for the triaxiality characterizing 
concrete material behaviour. 
4. The contribution of aggregate interlock 
and dowel action to shear strength are 
considered.  
The contribution of aggregate interlock 
and dowel action to shear strength is 
ignored. 
5. The contribution of the compressive 
zone on shear strength is ignored. 
The contribution of the compressive zone 
on shear strength is considered. 
6. Critical locations are at the cross-
sections of the member characterised 
by high values of shear forces and 
bending moments. 
Critical locations are the points of 
contraflexure points and the regions 
where tensile stresses develop along the 
compressive force path. 
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3.4.5 Difference between TA and CFP 
The reason of using CFP for comparison with the above mentioned RC design codes is 
that the CFP method has almost opposite assumptions to that of current RC design 
codes. Table 3.2 summarised the difference between these two methods, for describing 
the behaviour of RC members at ULS.  
3.5 Finite element analysis of RC structural configurations 
A large number of finite-element (FE) models have been developed to date aiming to 
describe the nonlinear behaviour of reinforced concrete (RC) structural configurations 
under static and dynamic loading. In the present work, a well-known commercial FEA 
program ABAQUS is used [8]. The computer software ABAQUS 6.12.3 is used to 
perform the numerical analysis for the selected reinforced concrete members in each 
case (i.e., beams, columns, T-beams, slab and RC frame). ABAQUS is an advanced 
nonlinear finite element analysis programme and is used for static, dynamic and other 
types of analysis in civil and other related engineering applications. ABAQUS software 
consists of three core products: ABAQUS/Standard, ABAQUS/Explicit and 
ABAQUS/CAE [8]. Each of these packages offers additional modules that address 
specialized capabilities. The latter package is capable of carrying out three-dimensional 
(3D) static nonlinear finite element analysis (NLFEA) and incorporates a Concrete 
Damage Plasticity (CDP) model in order to describe concrete material behaviour. The 
latter model allows Abaqus to describe the behaviour exhibited by RC structural 
members as well as the cracking process they undergo when subjected to increasing 
levels of applied loading, ultimately leading to structural failure and collapse. A brief 
discussion of the modelling techniques adopted by ABAQUS for studying the RC 
structural response is provided in the next sections [8]. A more detailed description of 
the underlying theory and the application of the software can be found in software 
manual [8].  
3.6 Modelling of concrete material behaviour 
Currently, three models are available in ABAQUS for describing concrete material 
behaviour. These models include: (i) the concrete smeared cracking (SC) model, (ii) the 
brittle cracking (BC) model and (iii) the concrete damaged plasticity (DP) model [8]. 
Each model is designed for a particular type of usage within a defined time integration 
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scheme. The smeared cracking (SC) model can handle only monotonic loading and low 
confining pressures. This limits the range of its applicability. The brittle cracking (BC) 
model can be used only in the explicit loading scheme, is ‘user friendly’ and easy to 
calibrate and use. The main disadvantage of this model is that it assumes linear elastic 
material behaviour in compression. As a result, the model can be reliably used only in 
the cases where the concrete behaviour is dominated by the tensile failure [8]. The 
damaged plasticity model is by far most complex concrete model incorporated in 
ABAQUS that can be used in any loading regime. However, it is not ‘user friendly’ but 
is dependent on multiple parameters the calibration of which can be challenging.  
3.6.1 The smeared cracking (SC) concrete model 
In general, the smeared cracking (SC) concrete model is designed to simulate the 
behaviour of concrete subjected to monotonic loading at low confining pressures. Under 
uniaxial compression, the concrete material behaviour is considered elasto-plastic, and it 
is fully defined by the stress-strain curve depicted in Figure 3.9a. The behaviour of 
concrete in tension is described by the stress-strain curve presented in Figure 3.9b. In 
accordance to this curve concrete material behaviour is essentially elastic prior to 
reaching its tensile strength (σtu). Tension stiffening is used to define the post-cracking 
(failure) behaviour of concrete describing the interaction of the reinforcement bars and 
the concrete.  
  
(a) (b) 
Figure 3.9: (a) Uniaxial behaviour of plain concrete and (b)Tension stiffening model [8] 
 
Chapter 3- Assessment Methods for Reinforced Concrete Members 
57 
3.3.1.2 Brittle cracking concrete model 
The brittle cracking model is only available in the explicit numerical time integration 
scheme and uses a smeared crack model to represent the characteristically discontinuous 
brittle behaviour of concrete. It is an elastic cracking model with concrete between 
cracks considered as an isotropic linearly elastic material. In this model, the initiation 
and evolution of individual cracks is not tracked. Instead, a smeared crack method is 
utilised to account for the discontinuities. The assign material properties take into 
account cracks via stress and material stiffness at the Gauss point. The constitutive 
calculations are performed independently at each Gauss point within the finite element 
model representing the structural form considered. All cracks are assumed to be fixed 
and orthogonal with a limit of three cracks in a 3D model. The first crack at a material 
point is assumed to have formed once the maximum principle tensile stress exceeds the 
tensile strength of the concrete. In the numerical scheme implemented in ABAQUS 
crack initiation is detected by a simple Rankine criterion. Once a crack is formed at a 
point, its orientation is stored for subsequent calculations. A new crack can form at the 
same point only in a direction orthogonal to the direction of an existing crack. 
Therefore, this model is called a fixed orthogonal crack model.  
A good understanding of the structural behaviour and the potential failure mechanisms 
likely to be observed is required when using the BC model. The advantage of a failure 
criterion removing an element deemed to have failed by the brittle crack criterion might 
not always be a valid assumption - if for example the load will reverse the analysis will 
not take into account the potential compressive stress capacity of the element (e.g., 
seismic events). The model is suitable for the modelling of reinforced concrete as it can 
be used in conjunction with embedded rebar. If a concrete element were to fail 
according to the brittle failure criterion its contribution to the stress carrying capacity is 
removed, however the rebar contribution remains until the rebar failure criteria is 
satisfied. The brittle cracking model is designed for cases where tensile cracking 
governs the overall behaviour of the structure examined.  
3.3.1.3 Damaged plasticity concrete model  
The damaged plasticity model is designed for use in both explicit and implicit analyses 
with a range of different loading conditions. In the present study, Concrete damage 
plasticity model was used to simulate the behaviour of RC members at ULS. The 
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concrete damage plasticity model has the capability for modelling plain, reinforced 
concrete and other quasi-brittle materials in all type of structures including beams, 
trusses, shells, and solids [8]. This model is based on the concepts of isotropic damaged 
elasticity in combination with isotropic tensile and compressive plasticity to represent 
the inelastic behaviour of concrete. The concrete damage plasticity model offers the 
load applications in which concrete is subjected to monotonic, cyclic and dynamic 
loading. The model is a continuum; plasticity-based, damage model for concrete. This 
model consists of two main damage failure mechanisms called tensile cracking and 
compressive crushing of concrete. The model assumes that the uniaxial tensile and 
compressive response of concrete is characterised by damaged plasticity. The 
underlying constitutive theory of the model assumes that concrete behaves in a brittle 
manner under low confining pressure and the main modes of failure are cracking in 
tension and crushing in compression. However, if the confining pressure is large enough 
to prevent crack propagation then the concrete no longer behaves in a brittle manner. In 
this case failure is that of a ductile material with work hardening.  
The main advantages of using this material model is that different behaviour can be 
specified in tension and compression in order to capture the fundamentally different 
behaviour, including different yield strengths, softening in tension compared to 
hardening followed by softening in compression and different elastic stiffness 
degradation in tension and compression. As a result of the failure mechanisms in the 
concrete, caused by cracking and crushing, the elastic stiffness suffers a decrease in 
value. As the model is based on the scalar-damage theory this degradation is isotropic 
and characterised by a single variable, as shown below. The stress-strain relation is 
presented in the following Eq. (3.21): 
𝜎 = (1 − 𝑑) ∙ 𝐷0
𝑒𝑙/(𝜀 − 𝜀𝑝𝑙) = 𝐷𝑒𝑙/(𝜀 − 𝜀𝑝𝑙)     Eq. (3.21) 
where 𝐷0
𝑒𝑙 is the initial undamaged elastic stiffness of the concrete and 𝐷𝑒𝑙= (1-d) ∙ 𝐷0
𝑒𝑙  is 
the degraded elastic stiffness of the concrete, d is the scalar stiffness degradation 
variable, the range of which is 0 ≤ d ≤1 where the value 0 corresponds to undamaged 
material and 1 to fully damaged material. The effective stress is defined in Eq. (3.22), 
?̅? = 𝐷0
𝑒𝑙/(𝜀 − 𝜀𝑝𝑙)         Eq. (3.22) 
and is related to the Cauchy stress through the scalar degradation variable as Eq. (3.23): 
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?̅? = 𝐷0
𝑒𝑙/(𝜀 − 𝜀𝑝𝑙)         Eq. (3.23) 
The hardening variables 𝜀?̃?
𝑝𝑙
 and 𝜀?̃?
𝑝𝑙
 represent the equivalent plastic strains in tension 
and compression. The micro-cracking and the crushing of concrete are represented by 
increasing the values of these variables, in this way these variables control the evolution 
of the yield surface and the degradation of the elastic stiffness. Uniaxial stress- strain 
curves are converted into stress- plastic strain curves as shown in Figure 3.10 a&b: 
  
(a) (b) 
Figure 3.10: Response of concrete to uniaxial loading (a) in tension and (b) compression 
[8] 
As shown in Figure 3.10 unloading occurs on the strain softening branch the unloading 
response is weakened, and the elastic stiffness degraded. The degradation of the elastic 
stiffness differs between compression and tension tests and is more pronounced as the 
plastic strain increases. This response is expressed by using two independent damage 
variables, dt and dc, which are functions of the plastic strains, temperature and field 
variables. When subjected to uniaxial cyclic conditions the degradation mechanisms in 
concrete, including opening and closing of previously formed micro-cracks and their 
interaction, become significantly more complex. Weight factors which are part of the 
material definitions, wt and wc, control the recovery of the tensile and compressive 
stiffness upon load reversal, as shown in the following Figure 3.11. 
The post failure behaviour of concrete is modelled using tension stiffening. If in the 
model there are regions of concrete with no reinforcement the tension stiffening model 
defined by the stress-strain curve introduces mesh sensitivity problems into the analysis 
[8]. In order to overcome this failure in tension is defined by using a fracture energy 
cracking model. This is modelled in ABAQUS by specifying the post failure stress as a 
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function of the cracking displacement, as shown in Error! Reference source not f
ound.3.12. 
 
Figure 3.11: Uniaxial load cycle (tension-compression-tension) assuming default values 
for the stiffness recovery factors: w_t=0 and  w_c=1[8] 
 
Figure 3.12: Post-failure stress-displacement curve [8] 
This model seems very advantageous as it allows for different failure mechanisms in 
both tension and compression. The main disadvantage is that the model requires a lot of 
user input and is therefore harder to calibrate.  
3.6.1 Parameters used for describing concrete material behaviour  
Experimental study shows that concrete has a different behaviour in compression and 
tension. The tensile strength of concrete is typically 8-15% of the compressive strength 
[8]. The cylinder strength of concrete is usually only about 70-90% of the cube strength 
[8]. In compression, the stress-strain curve for concrete is linearly elastic up to 30% of 
the maximum compressive strength [8]. After the elastic limit, the stress increases 
gradually up to the maximum compressive strength and finally crushing failure occurs 
at an ultimate strain. In tension the stress-strain curve describing concrete material 
behaviour is approximately linear elastic up to the maximum tensile strength. After 
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reaching the elastic limit, the concrete cracks and the strength decreases gradually to 
zero [8]. The Poisson ratio of concrete under uniaxial compressive stress is 
approximately 0.2. The 28-day maximum compressive strength, which occurs between 
strains of approximately 0.002 to 0.003. The maximum usable strains can be taken as 
0.003 for all strength of concrete. The properties of concrete used in the model are 
shown in Table 3.3.  
Table 3.3: Properties of concrete used in the model 
Material Concrete 
Possion’s ratio 0.2 
Modulus of elasticity (MPa) *DS 
Cylinder compressive strength (MPa) *DS 
Tensile Strength (MPa) *DS 
*Depends on Studies=DS 
3.6.2 Compressive uniaxial stress-strain relationship for concrete 
The ABAQUS programme requires the uniaxial stress-strain relationship for concrete in 
compression. The compressive stress-strain part of the curve was obtained using the Eq. 
(3.24) based on euro code [1] for concrete in this study. 


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c        Eq. (3.24) 
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 =          Eq. (3.25) 
c  is the compressive strain in the concrete and 1c  is the strain at peak stress 
cm
c
cm
f
Ek
1
05.1

=         Eq. (3.26) 
cmE  is secant modulus of elasticity of concrete and cmf is the mean value of concrete 
cylinder compressive strength. c  is the compressive stress in the concrete. The tensile 
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part is assumed to be linear up to the ultimate tensile strength. After this point the 
concrete cracks and is expressed in terms of stress cracking displacement option 
available in ABAQUS/Standard. Figure 3.13 described the simplified upper bound 
tensile stress-displacement relationship used in the study. Important parameters that 
need to be defined in the CDP are (i) the dilation angle ψ (i.e., the angle of inclination 
of the failure surface in relation to the hydrostatic axis) which controls the plastic flow 
as well as (ii) the viscosity parameter [8].  
 
Figure 3.13: Stress-strain curve of concrete used in the model [8] 
Table 3.4: Concrete Damage Plasticity Parameters Used in ABAQUS Modelling 
Sr.No Descriptions Values Calibrated 
1 Dilation Angle, ψ 10,20,30, 
40,50 
30 
2 Eccentricity, ε 0.001,0.05, 
0.1,0.2,0.4 
0.1 
3 Stress ratio, 
𝝈𝒃𝟎 𝝈𝒄𝒐⁄  
1.16 1.16 
4 Shape Factor, Kc 0.1,0.3,0.6,0.9,1.2 0.6 
5 Viscosity Parameter, v 0.001,0.002,0.003, 
0.004,0.005 
0.003 
 Mesh Size 
(mm) 
12.5,25,50, 
75,100 
50 
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(a) (b) 
  
(c) (d) 
 
(e) 
All essential parameters for fully defining the damage plasticity model employed used 
to describe concrete material behaviour are calibrated on the basis of available 
experimental information. Table 3.4 described the values of these parameters and the 
calibrated values. The static load is applied monotonically until failure in the form of 
displacement increments (displacement control). The graphs of Table 3.4 show the 
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numerical calibration of the parameters used in Damage Plasticity Model In each case, 
only desired values changed by keeping the other parameters constant. The numerical 
load-deflection curves of the RC beam investigated together with their experimentally 
predicted counterparts, exhibited the values of the calibrated parameters i.e. the dilation 
angle (30), Eccentricity (0.1), Shape factor (0.6) and viscosity parameter (0.003). Figure 
show the effect of the mesh size by using the calibrated values. The modelling 
procedure of RC members are discussed in detail in the Appendix A1. 
3.7 Nonlinear solution procedure. 
In all case studies considered the applied load is applied in load-increments and the 
structural analysis problem is solved for every increment. The problems at hand is 
solved through the use of an iterative solution procedure based on the well-established 
Newton-Raphson method which allows the redistribution of the residual stressed 
developing due to the crack process (formation and closure) checks as well as 
convergence checks are carried out. 3D modelling was adopted throughout the present 
study in order to detect the principal tensile stress in a true tri-axial state of stress.  
During this the time history for a simulation involved one or more steps [8]. An 
increment is part of a step. In nonlinear analyses, each step is divided into increments. 
Only the size of the first increment is suggested, and ABAQUS/Standard automatically 
selects the size of the subsequent increments. At the end of each increment the structure 
is in equilibrium. Iteration is an attempt to find an equilibrium solution in an increment. 
If the model is not in equilibrium at the end of the iteration, ABAQUS/Standard tries 
another iteration. With every iteration the solution that ABAQUS/Standard obtains 
should be closer to equilibrium; however, sometimes the iteration process may diverge 
subsequent iterations may move away from the equilibrium state. In that case, 
ABAQUS/Standard may terminate the iteration process and attempt to find a solution 
with a smaller increment size. 
For the body to be in equilibrium, the net force acting at every node must be zero. 
Therefore, the basic statement of equilibrium is that the internal forces and the external 
forces must balance each other. If the solution from iteration is not converged, 
ABAQUS/Standard performs another iteration to try to bring the internal and external 
forces into balance. For each iteration in a nonlinear analysis, ABAQUS/Standard forms 
the model's stiffness matrix and solves a system of equations. The number of iterations 
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needed to find a converged solution for a time increment will vary depending on the 
degree of nonlinearity in the system. If the solution has not converged within 16 
iterations or if the solution appears to diverge, ABAQUS/Standard abandons the 
increment and starts again with the increment size set to 25% of its previous value [8]. It 
then attempts to find a converged solution with this smaller time increment. If the 
solution still fails to converge, ABAQUS/Standard reduces the increment size again. 
This process is continued until a solution is found. If the time increment becomes 
smaller than the minimum or more than 5 attempts are needed, ABAQUS/Standard 
stops the analysis. 
3.8 Summary 
In this chapter, different available assessment methods for predicting RC structural 
response at ULS are presented and discussed. The majority of the available RC design 
codes are based on the Truss Analogy for describing the mechanics underlying RC 
structural response at ULS and essentially adopt the sectional approach considering only 
the most critical cross-sections characterised by high values of internal actions. Previous 
studies show that the prediction of these codes often exhibits significant differences 
when compared to their experimentally established counterparts. An alternative 
assessment method (the CFP method) is also employed which is based on assumptions 
concerning the mechanics underlying RC structural response which are incompatible 
with those adopted by the codes mentioned earlier. Furthermore, the CFP method 
considers the whole element instead of specific cross-sections and as a result the critical 
regions it focuses are very different to those of the available design codes. A non-linear 
finite element analysis package (ABAQUS) is also considered. The main aspects of the 
modelling procedure, material models it incorporates and the static analysis procedure it 
employed are discussed. All these methods are used in the next Chapters to compare 
their predictions concerning load-carrying capacity for the RC members/structures 
considered (i.e., Beams, Column, T-Beams, Flat slab, Indeterminate Structures and RC 
Frames) with their experimentally established counterparts and those obtained from the 
ANNs developed on the basis of the available test gathered. 
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CHAPTER 4: ASSESSING THE ACCURACY OF RC DESIGN 
CODE PREDICTIONS FOR RC BEAMS AND COLUMNS USING 
ANNS 
4.1 Introduction 
In this Chapter ANN models are trained to predict the load carrying capacity RC Beams 
(with and without stirrups) and RC columns. For the training purpose of ANN models, 
three different databases are used in this chapter, formed from test data available in the 
literature obtained from experiments carried out in the past on (i) RC Beams without 
stirrups (BWOS), (ii) RC beams with stirrups (BWS) and (iii) RC columns (CWA). 
These experimental databases form the basis for the development of the physical models 
currently employed by the relevant codes of practice for describing the mechanics 
underlying RC structural response at the ultimate limit-state (ULS).  
For the ANN training, based on experience [10-14, 60, 95-103] multilayer feed-forward 
ANN models are considered to be the most appropriate for the type of problem 
presently studied. As the developing procedure of ANN based on the database (and the 
method of normalization of database), architecture of ANN (i.e., number of hidden 
layer, number of hidden neurons, type of activation function) and the type of training 
algorithum (i.e., type of learning and training algorithums and type of error function). In 
this studye not only previous guidelines [10-14, 60, 95-103] are checked but also new 
guidelines are propsoed for predicting the load carrying capacity of the RC member at 
the ULS, as discussed in Section 4.3. 
Then, these ANN models are also used to assess the accuracy of the predictions 
obtained from the current RC design code [1-6] and an alternative assessment method 
(i.e., CFP method) [34], the development of which is based on assumptions different (if 
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not contradictory) to those of the available RC design codes. Furthermore, nonlinear 
finite element analysis (NLFEA) [8] is also employed to verify any observed 
differences. These ANN models are later used in the Chapter 7, to enhance the ability of 
a structural analysis tool for predicting the overall behaviour of RC frames to failure. 
4.2 RC Beams without Stirrups (BWOS) 
The first database (DB-I) contains test data obtained from 619 tests conducted on RC 
beam specimens without stirrups (BWOS). All specimens are simply supported 
subjected to concentrated loads applied at certain locations along their span (i.e., 3-point 
or 4-point bending tests) as shown in Figure 4.1. Table 4.1 provided the statistical 
information concerning the variation of certain parameters associated with the 
specimens considered in database DB-I. The parameters considered in the database are 
associated with the design details of the RC specimens as well as certain aspects of RC 
structural response (load-bearing capacity and mode of failure) exhibited at the ULS.  
  
(a) (b) 
Figure 4.1: Experimental setup for (a) Three-point and (b) Four-point Flexural Tests for 
RC Beams (BWOS) 
Table 4.1: Statistical Information concerning the test data included in DB-I (BWOS) 
 
Unit Min Max Diff Avg. St. Dev COV 
b Mm 50 500 450 169.71 67.01 0.39 
d Mm 70 556 486 263.44 83.91 0.32 
av/d 0 0.39 9.76 9.37 3.56 1.53 0.43 
ρl (%) 0.25 7.46 7.21 2.21 1.1 0.5 
fyl MPa 122 555 433 388.65 87.26 0.22 
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fc MPa 12.2 110.9 98.7 37.53 20.62 0.55 
Mf kN·mm 2000 844000 842000 104147 120894 1.16 
Vu kN 7 585 578 71.67 55.9 0.78 
4.2.1 Sensitivity analysis for DB-I 
Table 4.2 provided the values of the correlation parameter r for DB-I (as discussed in 
the section 2.9.2 and Eq. 2.22). Based on these values and the different physical models 
adopted by the various assessment methods for describing RC the mechanics underlying 
RC structural response at ULS different combinations of input parameters are selected 
for the ANN models as described in Table 4.3. Higher values of |r| suggest a more 
pronounced effect between the subject parameter and the load-carrying capacity of the 
specimen.  
 
Figure 4.2: Graphical representation of correlation r for BWOS parameters 
Table 4.2: Values of r expressing the effect between parameters considered in the 
database for the case of BWOS 
  b d av/d ρl fyl fc Mf Vu 
b 1 
       d 0.37 1
      av/d -0.02 0.03 1
     ρl -0.13 -0.09 0.27 1
    fyl 0.22 -0.06 -0.10 -0.17 1
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fc 0.20 -0.04 -0.08 0.24 0.48 1 
  Mf 0.52 0.72 0.09 0.21 0.25 0.25 1
 Vu 0.48 0.52 -0.27 0.15 0.15 0.25 0.65 1
4.3 Development of ANN Model 
In order to study the effect of the aforementioned parameters (associated the 
architecture of the ANN) on the development and performance of the ANNs, a series of 
case studies (IC) are considered herein. The combinations of parameters considered for 
each case study are described in Table 4.3. The used customized code is presented in 
Appendix A2. 
Table 4.3: Different combination of parameters considered for each case study (IC) 
 1 2 3 4 5  1 
 Database Hidden 
Layers 
Hidden 
Neurons 
Activation 
Function 
Training & 
Learning 
Algorithms 
Error 
Function 
Division 
net= 
newff 
(Input, 
Trg, 
{ H1,H2} { H1,H2} {'logsig’,’ 
logsig', 
'tansig'}, 
'trainlm', 
'learngdm' 
'mse' 'dividerand') 
IC-1 Input=06 
Output=01 
Double 12,12 STT 12 Training 
Algorithms 
MSE,MA
E,R 
Randomly 
Division 
(60%, 20%, 
20%) 
IC-2 Input=06 
Output=01 
Double 12,12 STT 12 Training 
Algorithms 
MSE,MA
E,R 
Constant 
Division 
IC-3 Input=04-
06 
Output=01 
Single 2xIN,2xI
N 
ST 'trainlm', 
'learngdm' 
R Randomly 
Division 
(60%, 20%, 
20%) 
IC-4 Input=04-
06 
Output=01 
Double 2xIN,2xI
N 
STT 'trainlm', 
'learngdm' 
R Randomly 
Division 
(60%, 20%, 
20%) 
IC-5 Input=04-
06 
Output=01 
Double 2xIN,2xI
N 
STT 'trainlm', 
'learngdm' 
MSE,MA
E,R 
Randomly 
Division 
(60%, 20%, 
20%) 
H1= 1st Hidden Layer 
H2=2nd Hidden Layer 
S=Logsig Activation function 
T=Tansig Activation function 
IN=Number of parameters in Input Layer 
MSE= Mean Square Error 
MAE= Mean Absolute Error 
R= Correlation factor  
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4.3.1 IC-1: Random Division and Training functions 
To enhance the performance and the level of accuraccy of the predictions obtauned by 
an ANN, the normalised data included in the database discussed in the Section 2.9.3 is 
initially divided into three subsets for training, validation and testing purposes. Matlab 
[35] is used to develop the ANN models and to randomly divide the database into three 
subsets: 60% is used for training, 20% for validation and another 20% for testing 
purposes. The samples included in these three sub-sets kept constant for the comparison. 
The results of each ANN models noted after the third analysis for the better 
performance.  
 
Figure 4.3: The performance of 12 training algorithms with Random Division 
Figures 4.3 & 4.4, described the three error functions (MSE, MAE, and R) against the 
12 training functions mentioned earlier by using the Database (i.e., beams without 
stirrups) with the random division of data samples.  
While carrying out the present study, the following parameters associated with the 
architecture of ANN remain constant: 
a. Six input parameters are considered: i.e., b, d, av/d, ρl, fyl, fc. 
b. The number of hidden layers is two in this case. 
c. The number of hidden neuron in each layer is 12 (twice the number of input 
neurons). 
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d. The sigmoid activation function is used between the first hidden layer and input 
layer. Tanh activation functions are used between the next three layers. 
 
Figure 4.4: Three error Functions with 12 training Algorithms with random division 
4.3.2 IC-2: Constant Division and Training functions 
After using the random division data, another investigation is carried out with the 
constant division. Matlab [35] is used to develop the ANN models and to divide the 
database into constant three sub-sets: the 1:400 samples belong to the training subset, 
401:504 samples belongs for validation and 505:619 samples belong for testing 
purposes 
 
Figure 4.5: The performance of 12 training algorithms with Constant Division 
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Figures 4.5 & 4.6, described the values obtained from the three error functions (MSE, 
MAE, and R) when using the 12 training functions presented in Table 2.8 as well as 
sub-sets of the initial database (i.e., beams without stirrups) which are not randomly 
selected (constant division). 
 
Figure 4.6: Three error Functions with 12 training Algorithms with Constant division 
As from Figures 4.3 to 4.6, in both, the cases it is established that trainlm (LM) is the 
most effective training algorithm for the case of the problem presently considered [105-
110]. However, from Figures 2.14 to 2.17, the comparative study of two data division 
methods showed that the performance of random division is much better than the 
constant division. Hence, the output of this investigation is that to use the random 
division with trainlm training algorithms.  
4.3.3 IC-3: Single hidden layers (SHL) 
Using the previous findings, the three individual sub-sets are randomly selected, and 
effort made to investigate their effect on the ANN performance. The above data is 
divided into three subsets as; 60% of each database is used for training, 20% for 
validation and another 20% for testing purposes and the training function of the train is 
used. After the randomization, the samples in these three subsets kept constant for the 
comparison. The results of each ANN models noted after the third analysis for the better 
performance. However, single hidden layer (SHL) and a different number of hidden 
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neurons with different activation functions are used, as described in Table 4.4. Table 4.5 
described the R values for all three subsets and overall performance of SHL ANN 
models. 
Table 4.4: Different input parameters with SHL 
Sr. No Model Input 
Function 
of Hidden 
No of  
Hidden Neurons 
Output 
1 ST-4-H-1 b, d, av/d, fc Sigmoid 5-10 Vu 
2 TT-4-H-1 b, d, av/d, fc tanghn 5-10 Vu 
3 ST-5-H-1 b, d, av/d, fc, ρl Sigmoid 6-12 Vu 
4 TT-5-H-1 b, d, av/d, fc, ρl tanghn 6-12 Vu 
5 ST-6-H-1 b, d, av/d, fc, ρl, fyl Sigmoid 7-14 Vu 
6 TT-6-H-1 b, d, av/d, fc, ρl, fyl tanghn 7-14 Vu 
A total of 84 different NN models were created for the case of the RC beams without 
stirrups (as shown in Table 4.4). From each case, the ANN model exhibiting the 
maximum value of r between the output and target values is selected as shown in Table 
4.5. 
4.3.4 IC-4: Double hidden layers (DHL)  
The same procedure as that used in section 4.3.3 is presently employed with double 
hidden layers (DHL), a different number of hidden neurons with different activation 
functions , as described in Table 4.6. Table 4.7 described the R values for all three 
subsets and overall performance of DHL ANN models. 
Table 4.5: Error Value for Training, Validation, and Testing for NN models for SHL 
Sr. No 
ANN  
Models  
Training Validation Testing All 
60% 20% 20% 100% 
1 ST-4-9-1 0.955 0.947 0.932 0.948 
2 TT-4-10-1 0.969 0.957 0.933 0.956 
3 ST-5-7-1 0.991 0.968 0.977 0.984 
4 TT-5-9-1 0.984 0.979 0.957 0.977 
5 ST-6-9-1 0.986 0.984 0.976 0.983 
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6 TT-6-10-1 0.983 0.972 0.977 0.98 
Table 4.6: Different input parameters with DHL 
Sr. No Model Input 
Function 
of Hidden 
No of Hidden 
Neurons 
Output 
1 ST-4-H-H-1 b, d, av/d, fc Sigmoid 4-8 Vu 
2 TT-4-H-H-1 b, d, av/d, fc tanghn 4-8 Vu 
3 ST-5-H-H-1 b, d, av/d, fc, ρl Sigmoid 5-10 Vu 
4 TT-5-H-H-1 b, d, av/d, fc, ρl tanghn 5-10 Vu 
5 ST-6-H-H-1 b, d, av/d, fc, ρl, fyl Sigmoid 6-12 Vu 
6 TT-6-H-H-1 b, d, av/d, fc, ρl, fyl tanghn 6-12 Vu 
ANNs exhibiting a higher value of r are considered to be the most optimal. From Table 
4.7 for the case of RC beams without stirrups, ST-5-10-10-1 (employing a combination 
of input parameters: b, d, av/d, fc, ρl) is the most optimum ANN model. The importance 
of the database in defining the architecture of ANNs becomes evident when comparing 
the previous developed ANN models [96, 99-101, 111]. From this comparison, it is 
obvious that the use of different databases can lead to differences in the structure 
(architecture) of the ANN which, however, does not necessarily result in more accurate 
predictions. Changes in the architecture of the ANN may also occur when extending the 
database upon which the training process of the ANNs is based.  
Table 4.7: Error Value for Training, Validation, and Testing for NN models for DHL 
Sr. No 
ANN  
Models  
Training Validation Testing All 
60% 20% 20% 100% 
1 ST-4-8-8-1 0.966 0.932 0.932 0.95 
2 TT-4-8-8-1 0.96 0.958 0.939 0.956 
3 ST-5-10-10-1 0.986 0.98 0.949 0.981 
4 TT-5-9-9-1 0.991 0.964 0.972 0.98 
5 ST-6-10-10-1 0.989 0.984 0.975 0.985 
6 TT-6-9-9-1 0.992 0.982 0.972 0.984 
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4.3.5 ANN Models of DB-I 
The DB-I consists of 619 samples of RC beam without stirrups, out of these 91.5% (i.e., 
566) samples exhibited the shear mode of failure and the rest 8.5% (i.e., 53) samples 
exhibited flexural mode of failure, as mentioned in the Appendix BI. A total of 6 
different ANN models are presently developed on the basis of the experimental 
information included in DB-I describing the effect of various parameters on the load-
carrying capacity of RC beam specimens without stirrups (BWOS). Table 4.8 presented 
statistical information concerning the level of correlation achieved between the 
predicted values of load-bearing capacity obtained from the ANN models and their 
experimentally established counterparts.  
Table 4.8: Input parameters employed by different ANNs and statistical information 
concerning the predictions concerning BWOS 
Vu    Min Max Diff Avg St. Dev COV 
DB-I (kN) b, d, av/d, ρl, fyl, fc 7 585 578 71.67 55.9 0.78 
BWOS-1 (kN) b, d, av/d, ρl, fyl, fc 7 623 616 71.72 54.98 0.77 
BWOS-2 (kN) b, d, av/d, Mf, fc 0 562 562 73.42 56.92 0.78 
BWOS-3 (kN) b/d, av/d,Mf/fcbd
2 6 605 599 80.96 73.09 0.9 
BWOS-4 (kN) d, av/d,Mf/bd
2, fc 7 542 535 71.37 52.29 0.73 
BWOS-5 (kN) d, b/d, av/d,Mf/fcbd
2 7 582 575 76.44 62.51 0.82 
BWOS-6 (kN) d, b/d, av/d,Mf/fcbd
2 ,fc 7 603 596 71.43 55.29 0.77 
The selection of these combinations is based on the available physical models 
developed to date for describing the mechanics underlying RC structural response at the 
ULS. Figure 4.7 described the prediction of the six ANN models developed on the basis 
of the available test data included in database DB-I. Figure 4.8 described the values of 
the three error functions presently considered by the different ANN models (as 
discussed in section 2.11.1 and Eqs. 2.24 to 2.26). On the basis of Figure 4.7& 4.8, it is 
observed the BWOS-4 exhibited the highest value of R in combination with the smallest 
values of MSE and MAE while at the same time employing the smallest number of 
parameters (i.e., d,av/d,Mf/bd
2,fc). 
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Figure 4.7: Comparisons between the predictions obtained from the ANNs and the 
relevant experimental data available for the case of BWOS 
 
Figure 4.8: Performance exhibited by the ANNs models developed for the case of 
BWOS 
4.3.6 Comparative Studies 
A comparative study of the predicted values of shear capacity obtained from the current 
RC design codes [1-6], the CFP method [34], the ANN model (i.e. BWOS-4) and their 
experimentally established counterparts is presented in this section, for the case of 
database DB-I which includes test data obtained from experimental carried out on RC 
beams without stirrups (BWOS). Table 4.9 provided the statistical information 
concerning the predictions obtained from each assessment method employed in terms of 
minimum, maximum and mean values, Standard Deviation and Coefficient of Variance. 
The mean value provides an indication concerning how safe or unsafe the predictions 
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are whereas the Coefficient of Variance (CV) and Standard Deviation (St. Dev.) 
provides information regarding the accuracy of the predictions and the scatter. 
Table 4.9: Shear Strength established experimentally or through the use of the 
assessment methods employed for the case of BWOS 
  Min Max Mean St. Dev CV 
VEXP (kN) 7.00 585.00 71.67 55.90 0.78 
VANN (kN) 7.00 542.00 71.37 52.29 0.73 
VCFP (kN) 5.00 774.00 69.46 67.88 0.98 
VACI (kN) 3.63 288.29 49.14 36.31 0.74 
VEC2 (kN) 4.89 266.96 57.41 38.30 0.67 
VJSCE (kN) 3.99 209.65 45.41 28.14 0.62 
VKBSC (kN) 3.69 292.48 49.83 36.74 0.74 
VCSA (kN) 3.58 317.75 50.63 37.08 0.73 
VNZ (kN) 3.57 306.96 49.62 39.99 0.81 
 
Figure 4.9: Comparison between the predictions obtained from the various assessment 
methods and ANN with their experimental counterparts for the case of 
BWOS 
Table 4.9 and Figure 4.9 described that both the ANN and the CFP method are capable 
of providing predictions in agreement to their counterparts established experimentally 
and through the use of the design codes. The ANNs they appear to be capable of 
providing predictions which provide a closer fit to the available test data compared to 
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the predictions of the available design codes. Furthermore, it is worth mentioning that in 
spite being based on assumptions incompatible with the physical models adopted by the 
codes, the CFP method is capable of providing predictions of shear capacity closer to 
the test data compared to those of the codes. Nevertheless, it is important to mention 
that for some specimens, the predictions of the CFP method appeared to overestimate or 
underestimate the shear-capacity determined experimentally. In many cases, the 
predictions obtained from the various RC design codes show significant variation 
compared to their experimentally established counterparts. The majority of the design 
codes considered (ACI and JSCE, KBCS, CSA and NZ [1-6]) tend to provide 
predictions that underestimate the values of load-carrying capacity established 
experimentally.  
Table 4.10: Shear Strength Ratio of VEXP/VPRED for BWOS 
 Min Max Mean St. Dev CV% 
VEXP/VANN 0.25 3.70 1.01 0.21 0.21 
VEXP/VCFP 0.21 2.74 1.13 0.29 0.26 
VEXP/VACI 0.52 6.51 1.53 0.70 0.46 
VEXP/VEC2 0.56 6.62 1.29 0.70 0.54 
VEXP/VJSCE 0.64 8.73 1.62 0.93 0.57 
VEXP/VKBSC 0.51 6.41 1.51 0.69 0.45 
VEXP/VCSA 0.47 13.02 1.60 1.35 0.84 
VEXP/VNZ 0.49 8.85 1.60 0.95 0.59 
The predictions obtained from the ANNs (expressed as VEXP/VANN) exhibit the best 
Gaussian distribution characterised by the lowest ST. DEV (as shown in Table 4.10). 
Table 4.10 presented the results obtained from the statistical analysis with respect to the 
ratio of VEXP/VPred, based on this analysis the predictions of the ANN essentially 
coincide with the experimentally established values (VEXP) as the mean value of 
VEXP/VANN is 1.01 (≈1). VEXP/VCFP has a mean value equal 1.13. Furthermore, it is 
important to notice that the standard deviation characterising the predictions of the ANN 
is the lowest (=0.21) followed by that associated with the predictions of the CFP method 
(0.29). The mean values of VEXP/VPred and the associated values of the standard 
deviation characterising the predictions of the other codes is considerable higher. 
Chapter 4- Assessment of RC Design Code for RC Beams and Columns at ULS 
79 
 
Figure 4.10: Curves describing the Normal Distribution of VEXP/VPRED for the case of 
BWOS based on the predictions obtained from the various assessment 
methods employed and the use of ANNs 
Figure 4.10 explained the normal (Gaussian) distribution of the ratios expressing the 
experimentally established load bearing capacity (VExp) normalised by its predicted 
counterpart (VPred) provided by the current RC design codes, the CFP method and the 
ANN. The predictions obtained from the ANN (expressed as VExp/VANN) exhibit the best 
Gaussian distribution characterised by the lowest standard deviation (S. DEV) and a 
mean value of 1 (VExp=VANN). The predictions obtained from the CFP method 
(VExp/VCFP) are the closest to those achieved by the ANN (VExp/VANN) compared to the 
predictions of the design codes, for BWOS. Then all the Gaussian distribution curves 
from the RC design codes have wide bottom and peak values below 0.5. 
Figure 4.11 described an indication regarding how much the various methods employed 
in this study overestimate or underestimate the load bearing capacity (expressed as 
VExp/VPred). It is observed that ACI, EC2, JSCE, CSA & NZ often underestimated load-
bearing capacity, as their number of samples are less than ANN and CFP, i.e. 90% of 
samples in the accurate range (i.e., from 0.75 to 1.25) for BWOS. However, in 
underestimate ranges (i.e., from 1.26-2 and 2.01-7.2) all current design codes have a 
high number of samples than ANN and CFP for BWOS. 
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Figure 4.11: Distribution of VEXP/VPRED for the case of BWOS based on the predictions 
obtained from the various methods employed and the use of ANNs 
4.3.7 Parametric Studies DB-I 
In this section, ACI, EC2, JSCE, KBSC, CSA and NZ) [1-6], CFP [34] and the ANN 
predictions are employed to investigate the effect of critical parameters on the load 
carrying capacity BWOS. The ratio of VExp/VPred is plotted against the values of the 
critical parameters. The parameters considered include the effective depth, d (mm), the 
shear-span-to-depth ratio, av/d, the concrete strength, fc (MPa), the longitudinal steel 
ratio and ρl (%) and the transverse steel ratio ρw (%). 
Effective depth against Ratios: The effect of the beam’s effective depth, d (mm) on 
VExp/VPred is presented in Figure 4.12 for beams without stirrups (BWOS). As expected 
from the comparative study section, the VEXP/VANN ratio values are in good agreement 
and close to the unit line. Some VEXP/VANN values are above the unit line especially for 
the range of depth from 200-400 mm. However, when other physical models are studied 
including the CFP method and the RC design codes, VEXP/VCFP gives the minimum 
scatter against the effective depth and close to the unit line. Some CFP values are below 
the unit line, indicating that in some cases the subject method tends to overestimate the 
load-carrying capacity for 200 < d < 400 mm. The scatter characterising the values of 
VEXP/VACI, VEXP/VEC245, VEXP/VEC2, and VEXP/VKBSC are similar. The fact that nearly all 
these values are above the unit line reveals that the design codes tend to underestimate 
the load-carrying capacity and the scatter for the case of VEXP/VJSCE, and VEXP/VNZ are 
similar to that observed for the case of the other RC design codes. 
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Shear to depth Ratio: The variations of VEX/VPred against av/d ratio are shown in Figure 
4.13 for beams without stirrups. Once again, VEXP/VACI, VEXP/VEC2-45, VEXP/VEC2, 
VEXP/VKBSC, VEXP/VJSCE and VEXP/VNZ are characterised by larger scatter and all the 
majority of these values are larger than 1. The scatter is extremely large for the values 
of av/d ratio from 2 to 4. However, the VEXP/VANN show the least scatter and are closer to 
1 thus indicating that the ANN provides consistently more accurate predictions for all 
values of av/d ratio being investigated in this study. Once again, the values of VEXP/VCFP 
are characterised by considerably less scatter and are closer to 1 compared to the design 
codes considered. Some values of VEXP/VCFP are less than 1, indicating that the CFP 
method can in some cases overestimate load-carrying capacity, for the range of av/d 
ratio from 2 to 4.  
 
Figure 4.12: Variation of VEXP/VPRED against d (mm) for BWOS 
 
Figure 4.13: Variation of VEXP/VPRED against av/d for BWOS 
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Figure 4.14: Variation of VEXP/VPRED against fc for BWOS 
 
Figure 4.15: Variation of VEXP/VPRED against ρl (%) for BWOS 
Compressive Strength: The effect of compressive strength fc, (MPa) on the predicted 
values of VExp/VPred is presented in Figure 4.14 for beams without stirrups. As expected 
from the comparative study section 4.2.3, the values of VEXP/VANN characterised by the 
smaller scatter and more consistently closer to 1 indicating ratio reveals that values 
show the consistent accuracy and close to the unit line. Some VEXP/VANN values are 
above the unit line especially for the low strength concrete (i.e., fc < 60 MPa) for 
BWOS. However, when other physical models are studied including CFP and current 
RC design codes, VEXP/VCFP gives the minimum scatter against for high strength 
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concrete (i.e., fc>60 MPa). Some CFP values are above the unit line, indicating the 
overestimation of shear strength, for low strength concrete (i.e., fc <60 MPa) for BWOS. 
The scatter for VEXP/VACI, VEXP/VEC2-45, VEXP/VEC2, VEXP/VKBSC, VEXP/VJSCE and 
VEXP/VNZ are nearly same. All these values again highlighted the fact of 
underestimation, and all values are above the unit line for BWOS.  
Longitudinal steel ratio: Figure 4.15 described the variation of VExp/VPred against the 
longitudinal reinforcement ratio, ρl (%) for the case of RC beams without stirrups 
(BWOS). The values of VEXP/VCFP exhibit less scatter compared to those of the design 
codes, especially when 1 < ρl < 2.5%. The scatter characterising the values of 
VEXP/VACI, VEXP/VEC2-45, VEXP/VEC2, VEXP/VKBSC, VEXP/VJSCE and VEXP/VNZ is similar. 
The majority of their values is less than 1 indicating that the various RC design codes 
tend to under-estimate the values of load-carrying capacity established experimentally. 
On the other hand, the values of VEXP/VANN appear to be essentially un-affected by the 
variation in the ρl (%). 
4.3.8 Validation of the predictions of the ANN via NLFEA 
The validation of ANN optimised models is also achieved through the use of a well as 
an established commercial package (i.e., ABAQUS [8] as discussed in the Chapter 3 
Section 3.5). 
Table 4.11 summarised the main design parameters characterising the specimens 
associated with 3 case studies selected from DB-I for the NLFEA Figure 4.16 described 
the comparison between the predictions of the values of shear strength obtained from all 
assessment methods considered in these study, (i.e., RC design codes, CFP method, 
ANNs and ABAQUS). Overall it is interesting to note that the NLFEA models 
developed provide predictions which are in close agreement to their experimentally 
established counterparts and the predictions of the ANNs. 
Table 4.11: Summary of Case Studies for RC Beams for BWOS 
Name b h d av/d ρl fyl fc 
 (mm) (mm) (mm)  (%) (MPa) (MPa) 
Bresler & Scordel (1963) [114] 
OA-1 310 556 461 3.97 1.81 555 22.6 
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OA-2 305 561 466 4.91 2.27 555 23.7 
OA-3 307 556 462 6.93 2.73 552 37.6 
 
Figure 4.16: Comparison between the predictions obtained from the various assessment 
methods employed, ANN, CFP and the ABAQUS with their experimental 
counterparts for the case of BWOS.  
Figures 4.17(a-c) described an indication of the stress state developing and the damage 
sustained by the RC beam specimens without stirrups considered herein (i.e., OA1, OA2 
and OA3) [114] when approaching the ULS. Figure 4.17(a) described that the 
numerically predicted load-deflection curve is describing the behaviour of the 
specimens considered through the loading process which are in good agreement with 
their experimentally established counterparts. It is also interesting to note, as shown in 
Figure 4.17(b) described the principal stress, i.e. S33 developing along the length of the 
specimen at ULS, which correlated closely with the arch-like frame assumed by the 
CFP physical model shown in Figures 3.2 and 3.3 in the Chapter 3. Such a close 
correlation may be seen as an indication of the ability of the model to provide a realistic 
description of the physical state of RC beam elements at their ULS. 
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(a) 
 
   
(b) 
   
(c) 
  
Figure 4.17: (a) Comparison of experimentally and numerically established load-
deflection curves accompanied by the numerical predicted (b) flow of 
compressive stresses and (c) damage developing along the beam span for 
the case of BWOS specimens OA1, OA2 and OA3 (d) Values for Stress 
and Strain 
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As regards the predicted damage, it is also interesting to note as shown in Figure 4.17(c) 
described the plastic strain magnitude (i.e., PEMAG) along the member at the ULS, 
includes loss of bond in the 'critical lengths' which leads to stress redistributions and 
damage of concrete in the compressive zone as predicted by the failure criteria 
incorporated in the CFP physical model. Therefore, all these comparative investigations 
highlighted that the obtained numerical predictions verify the fact that the mechanics 
underlying the behaviour of the RC beams without stirrups (BWOS) specimens 
investigated are in agreement with the assumptions of the physical model adopted by 
the CFP method. 
4.4 RC Beams with Stirrups (DB –II) 
Database DB-II contains test data obtained from 315 RC beam specimens with stirrups 
(BWS), out of this 65 % (i.e., 204) samples exhibited the shear mode of failure and the 
rest 35% (i.e., 111) samples exhibited flexural mode of failure, as mentioned in the 
Appendix B2.  
 
(a) 
 
(b) 
Figure 4.18: Experimental setup for (a) Three-point and (b) Four-point Flexural Tests 
for RC Beams (BWS) 
Table 4.12: Statistical Information concerning the test data included in DB-II (BWS) 
 
Unit Min Max Diff Avg. St. Dev COV 
b mm 100 510 410 207.27 67.64 0.33 
d mm 113 975 862 342.87 157.03 0.46 
av/d 
 
1 7.00219 6.00219 3.43 1.35 0.39 
ρl (%) 0.18 5.57 5.39 2.35 1.05 0.45 
Chapter 4- Assessment of RC Design Code for RC Beams and Columns at ULS 
87 
fyl MPa 250 888.48 638.48 411.33 77.88 0.19 
fc MPa 13.8 126.2 112.4 44.51 22.41 0.5 
ρw (%) 0.08 2.24 2.16 0.56 0.48 0.86 
fyw MPa 224.1 875.5 651.42 399.4 112.62 0.28 
Mf kN-mm 2648 1738423 1735775 283485 378729 1.34 
Vu kN 4.097 760.194 756.098 185.54 134.25 0.72 
All specimens are simply supported subjected to concentrated loads applied at certain 
locations along their span as shown in Figure 4.18 (i.e., 3-point or 4-point loading tests). 
The databases consider parameters associated with the design details of the RC 
specimens as well as certain aspects of RC structural response (load-bearing capacity 
and mode of failure) exhibited at the ULS. The statistical information associated with 
the values of the parameters considered in database DB-II is presented in Table 4.12. 
4.4.1 Sensitivity analysis  
Table 4.13 and Figure 4.19 described the values of the correlation correlation factor 
established for critical parameters considered in DB-II. Based on these values different 
combinations of input parameters are selected which are used for the development of 
the ANN models. Table 4.14 aimed to predict the load-carrying capacity of RC beams 
with stirrups (BWS). Higher values of |r| suggest a more pronounced effect between the 
parameter considered (as discussed in the Section 2.9.2 and Eq. 2.22) and the load-
carrying capacity.  
 
Figure 4.19: Graphical representation of correlation r for BWS parameters 
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Table 4.13: Values of r expressing the effect between parameters considered in the 
database for the case of BWS 
  b d av/d ρl fyl fc ρw fyw Mf Vu 
b 1.00                   
d 0.76 1.00                 
av/d 0.03 -0.12 1.00               
ρl -0.22 -0.18 -0.02 1.00             
fyl 0.12 0.10 0.36 -0.16 1.00           
fc -0.02 -0.13 0.17 0.38 0.28 1.00         
ρw -0.40 -0.45 -0.05 0.08 0.02 0.18 1.00       
fyw 0.24 0.06 0.10 0.05 0.32 0.18 -0.06 1.00     
Mf 0.79 0.83 0.03 0.08 0.17 0.13 -0.36 0.20 1.00   
Vu 0.69 0.67 -0.34 0.26 -0.04 0.13 -0.28 0.17 0.78 1.00 
Table 4.14: input parameters considered for the ANN Models and statistical information 
concerning the predictions obtained regarding load-carrying capacity  
Vu  Min Max Diff Avg. St. Dev COV 
DB-II b,d,av/d,ρl,fyl,fc,ρw,fyw 4. 760 756 185.54 134.25 0.72 
BWS-1 b,d,av/d,ρl,fyl,fc,ρw,fyw -66 758 824 185.02 135.4 0.73 
BWS-2 b,d,av/d,Mf,fc,ρw,fyw 3 772 769 187.19 135.24 0.72 
BWS-3 b/d,av/d,Mf/fcbd
2,ρw,fyw 4 786 782 186.42 137.49 0.74 
BWS-4 b/d,av/d,ρw/ρl,fc/fyw -420 1353 1773 208.72 198.33 0.95 
BWS-5 d,av/d,Mf/bd
2,fc,ρwfyw 5 905 900 187.31 143.61 0.77 
BWS-6 d,b/d,av/d,Mf/fcbd
2,ρw,fyw 4 821 817 181.99 126.95 0.7 
BWS-7 d,b/d,av/d,Mf/fcbd
2,fc,ρw,fyw 9 681 672 183.69 135.29 0.74 
BWS-8 d,b/d,av/d,Mf/fcbd
2,fc,ρwfyw 8 903 895 180.07 138 0.77 
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4.4.2 ANN Models of DB-II 
A total of 8 different ANN models are developed on the basis of the information 
included in DB-II describing the effect of various parameters on the load-carrying 
capacity of RC beams with stirrups (BWS). Table 4.14 presented the statistical 
information concerning the level of correlation achieved between the predicted values 
of load-bearing capacity obtained from the ANN models and their experimentally 
established counterparts. The selection of these combinations is based on the available 
physical models developed to date for describing the mechanics underlying RC 
structural response at the ULS as well as the sensitivity analysis carried out in the 
preceding section.  
 
Figure 4.20: Predictions obtained from different ANNs for the case of BWS 
Figure 4.20 described the prediction of load carrying capacity obtained from the eight 
ANN models presented in Table 4.14 compared to their experimentally established 
counterparts. Figure 4.21 described the values of the three error functions presently 
considered for the different ANN models developed for DB-II. On the basis of Table 
4.14 and Figure 4.20 & 4.21, ANNs exhibiting a higher value of R and lower values of 
MSE and MAE are considered to be the most optimum (as discussed in section 2.11.1 
and Eqs. 2.24 to 2.26). ANN BWS-7 (which employs the following input parameters: d, 
b/d, av/d, Mf/fcbd
2, fc, ρw, fyw) is the most optimum ANN model among those mentioned 
in Table 4.14. 
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Figure 4.21: Performance exhibited by ANN models for the case of BWS 
Table 4.15: Shear Strength Experimental and Predicated values for BWS 
    Min Max Mean St. Dev CV 
VEXP (kN) 4.0 760.0 185.54 134.25 0.72 
VANN (kN) 9.00 681.00 183.69 135.29 0.74 
VCFP (kN) 4.41 660.92 177.07 131.01 0.74 
VACI (kN) 5.00 648.18 154.75 119.70 0.77 
VEC2-45 (kN) 5.00 618.45 157.12 115.46 0.73 
VEC2 (kN) 5.00 727.91 183.82 141.56 0.77 
VJSCE (kN) 5.00 573.29 124.25 88.82 0.71 
VKBSC (kN) 5.00 654.06 157.36 122.26 0.78 
VCSA (kN) 5.00 606.34 155.07 110.90 0.72 
VNZ (kN) 5.00 655.03 153.30 116.06 0.76 
4.4.3 Comparative study 
A comparative study of the predicted values of shear capacity obtained from the current 
RC design codes, the CFP method and the ANN model (i.e., BWS-7) with their 
experimentally established counterparts is presented in this section for the RC beams 
with stirrups (BWS). Table 4.15 provided the statistical information characterising these 
predictions in term of minimum, maximum and mean values as well as Standard 
Deviation and Coefficient of Variance. The mean value provides an indication 
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concerning how safe or unsafe the predictions obtained from a specific method are 
whereas the Coefficient of Variance (CV) and Standard Deviation (St. Dev.) provides 
information regarding the accuracy of the predictions and the scatter. 
The predictions provided by the current RC design codes show the significant degree of 
the variation in relation to their experimentally established counterparts (included in 
DB-II). The majority of the codes considered (ACI, EC2-45, JSCE, KBSC, CSA & NZ) 
tend to underestimate the values of load-carrying capacity established experimentally. 
The comparative study reveals that the predictions obtained from the ANN correlate the 
closest to the experimental data (as shown in Figure 4.22) in spite their development 
being based on heuristic approaches which do not strictly adhere to the principles of 
theoretical mechanics.  
 
Figure 4.22: Comparison between the predictions obtained from the various assessment 
methods employed and the ANN with their experimental counterparts for 
the case of BWS 
From the Figures 4.21 and 4.22, the ANN, EC2 and the CFP method appear to be 
capable of providing predictions at least comparable to their counterparts established 
experimentally and through the use of the design codes. Furthermore, it is worth 
mentioning that in spite being based on assumptions incompatible with the physical 
models adopted by the codes, the CFP method is capable of providing predictions of 
shear capacity closer to the test data compared to those of the codes. The same applies, 
in the case of the ANNs which although are based on heuristic approaches which do not 
strictly adhere to the principles of theoretical mechanics, they appear to be capable of 
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providing predictions which provide a closer fit to the available test data compared to 
the predictions of the available design codes. All the ratio of VExp/VPred is described in 
Table 4.16. 
Table 4.16 presented the predictions concerning the load bearing capacity obtained from 
the various methods presently adopted from the statistical analysis expressed as 
VEXP/VPred. Based on this analysis, the predictions obtained from the ANN essentially 
coincide with the experimentally established values (VEXP) as the mean value of 
VEXP/VANN is 1.02 (≈1). The predictions obtained from the CFP method, expressed as 
VEXP/VCFP have a mean value equal to 1.12, also suggesting a good agreement between 
the experimental and CFP results. Furthermore, it is important to notice that standard 
deviation characterising the predictions of the ANN is the lowest (=0.16). 
Another way to present these results obtained from the various assessment methods 
presently considered is through the use of normal (Gaussian) distribution curves. 
Figures 4.23 described the normal (Gaussian) distribution of the ratios expressing the 
experimentally established load bearing capacity (VExp) normalised by its counterpart 
(VPred) predicted by the current RC design codes, the CFP method and the ANN. The 
predictions obtained from the ANN (expressed as VEXP/VANN) exhibit the best Gaussian 
distribution characterised by the lowest standard deviation (S. DEV) and a mean value 
of 1 (i.e., VEXP=VANN). The predictions obtained from the EC2 method (VEXP/VEC2) are 
the closest to those achieved by the ANN (VExp/VANN) compared to the predictions of 
the other design codes, for BWS. All the Gaussian distribution curves established based 
on the predictions obtained from the various RC design codes considered are 
characterised by a wide base (associated with high values of standard deviation) and a 
peak below than 1.0 (which is significantly lower compared to that for the case of the 
ANNs). 
Table 4.16: Shear Strength Ratio of VEXP/VPRED for BWS 
  Min Max Mean St. Dev CV% 
VEXP/VANN 0.46 1.96 1.02 0.16 0.16 
VEXP/VCFP 0.59 5.15 1.12 0.41 0.36 
VEXP/VACI 0.66 4.97 1.26 0.39 0.31 
VEXP/VEC2-45 0.72 4.69 1.22 0.40 0.33 
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VEXP/VEC2 0.54 4.69 1.08 0.32 0.30 
VEXP/VJSCE 0.82 5.79 1.53 0.61 0.40 
VEXP/VKBSC 0.65 4.97 1.24 0.39 0.31 
VEXP/VCSA 0.74 4.97 1.24 0.41 0.33 
VEXP/VNZ 0.75 4.97 1.27 0.43 0.34 
 
Figure 4.23: Curves describing the Normal Distribution of VEXP/VPRED for the case of 
BWS based on the predictions obtained from the various assessment 
methods employed and the use of ANNs 
 
Figure 4.24: Distribution VEXP/VPRED for the case of BWS based on the predictions 
obtained from the various assessment methods employed and the use of 
ANNs 
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Figures 4.24 illustrated how much the various methods employed in this study 
overestimate or underestimate the experimentally established values of load bearing 
capacity (expressed as VExp/VPred). It is observed that CFP, ACI, EC2-45, JSCE, CSA & 
NZ often underestimated load-bearing capacity, as the number of samples are less than 
ANN and EC2 in the accurate range (i.e., from 0.75 to 1.25) for BWS. However, in the 
underestimate ranges (i.e., from 1.26-2.00 and 2.01-12.00) all current design codes have 
a high number of samples than ANN and CFP for BWS.  
4.4.4 Parametric Studies  
In this section the predictions obtained from the various codes (ACI, EC2, JSCE, 
KBSC, CSA and NZ) [1-6], the CFP method [34] and the ANN developed are 
considered to investigate the effect of critical parameters on the load-carrying capacity 
of the RC beam specimens with stirrups (BWS). The ratio of VExp/VPred is plotted against 
the range of values allocated to the design parameters considered. These parameters 
considered include the effective depth, d (mm), the shear-span-to-depth, av/d ratio, the 
concrete strength, fc (MPa), the longitudinal steel ratio, ρl (%) and the transverse steel 
ratio, ρw (%). 
Effective depth: The effect of the effective depth, d (mm) of the cross-section of the RC 
beam on the VExp/VPred is presented in Figure 4.25. As expected from the comparative 
study section, the values of VEXP/VANN are close to 1 indicating a good correlation 
between the predictions of the ANN and their experimentally established counterparts. 
Some values of VEXP/VANN are larger than 1, especially when 200mm < d < 400mm thus 
indicating that in these cases the predictions of the ANN tend to underestimate the 
values obtained during testing. The scatter for VEXP/VCFP, VEXP/VACI, VEXP/VEC245, 
VEXP/VEC2, and VEXP/VKBSC are nearly same. All these values again highlighted the fact of 
underestimation, and all values are above the unit line for BWS. The scatter for 
VEXP/VJSCE, and VEXP/VNZ are nearly same and present same underestimated trend as the 
other RC design codes. 
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Figure 4.25: Variation of VEXP/VPRED in relation to d (mm) for BWS 
 
Figure 4.26: Variation of VEXP/VPRED in relation to av/d for BWS 
Shear to depth Ratio: The variation of VExp/VPred against av/d is shown in Figure 4.26 
for the case of beams with stirrups (BWS). Once again, the results obtained VEXP/VACI, 
VEXP/VEC2-45, VEXP/VEC2, VEXP/VKBSC, VEXP/VJSCE and VEXP/VNZ are characterised by a large 
scatter and all these values are generally greater than one. The scatter is larger for values 
of 2 < av/d < 4. However, the values of VEXP/VANN consistently closer to one suggesting a 
good agreement between the predictions of the ANN and the available test data for all 
values of av/d considered in this study. The predictions obtained from the CFP method 
(presented in the form of VExp/VCFP) are characterised by less scatter and are generally 
closer to one denoting a better agreement with the available test data compared to the 
predictions of the other design codes considered. Some of the predictions obtained from 
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the CFP method are less than one indicating that they tend to overestimate shear 
strength for 2 < av/d < 4.  
 
Figure 4.27: Variation of VEXP/VPRED in relation to fc for BWS 
Compressive Strength: The effect of concrete compressive strength fc (MPa) on the 
predicted values of VExp/VPred is presented in Figure 4.27 for beams with stirrups (BWS). 
The values of VEXP/VANN are consistently closer to 1 indicating that the predictions of 
the ANN are in close agreement with their experimentally established counterparts. 
Some values of VEXP/VANN are greater than 1 especially when considering low values of 
concrete strength (i.e., fc < 60 MPa) indicating that in these cases the predictions of the 
ANN tend to underestimate the values of load-carrying capacity established 
experimentally. However, when considering the predictions obtained for the assessment 
methods considered herein, the values of VEXP/VCFP are characterised by the minimum 
scatter when considering high values of concrete strength (i.e., fc > 60 MPa). In some 
cases (when. fc < 60 MPa) considered the values of VEXP/VCFP are greater than 1, 
indicating that in these cases the CFP method tends to underestimate the load-carrying 
capacity established experimentally. The scatter for VEXP/VACI, VEXP/VEC2-45, VEXP/VEC2, 
VEXP/VKBSC, VEXP/VJSCE and VEXP/VNZ are similar. The predictions of all the design 
codes considered tend to underestimate the values of load-carrying capacity established 
experimentally as the values of VEX/VPred are generally greater than 1 when considering 
for BWS.  
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Figure 4.28: Variation of VEXP/VPRED in relation to ρl (%) for BWS 
Longitudinal steel ratio: Figure 4.28 described the variation of the values of VExp/VPred 
in relation to the longitudinal reinforcement ratio, ρl (%) for the case of beams with 
stirrups (BWS). As in the previous case studies considered the values of VEXP/VANN are 
consistently closer to 1 indicating that the predictions of the ANN are in close 
agreement with their experimentally established counterparts. The values of VEXP/VCFP 
ratios exhibit less scatter compared to their counterparts calculated for the case of the 
RC design codes, especially for 1< ρl < 2.5%. The scatter characterising the values of 
VEXP/VACI, VEXP/VEC2-45, VEXP/VEC2, VEXP/VKBSC, VEXP/VJSCE and VExp/VNZ are similar. 
The predictions of all the design codes considered tend to underestimate the values of 
load-carrying capacity established experimentally as the predicted values of VExp/VPred 
are generally greater than 1 for BWS. 
Transverse Steel ratio: The variations of VExp/VPred in the relation of the transverse steel 
ratio, ρw (%) is shown in Figure 4.29 for beams with stirrups (BWS). Once again, the 
results obtained VEXP/VACI, VEXP/VEC2-45, VEXP/VEC2, VEXP/VKBSC, VExp/VJSCE and VExp/VNZ 
are characterised by large scatter. Furthermore, the values of all these ratios are larger 
than 1 indicating that the predictions of the design codes considered tend to 
underestimate the values of load-carrying capacity established experimentally, 
especially during the range of 0.2 < ρw < 0.6. The values of VExp/VANN are consistently 
closer to 1 for all values of ρw (%) indicating that the predictions of the ANN are in 
close agreement with their experimentally established counterparts. The values of 
VExp/VCFP are characterised by less scatter against the ρw (%) and closer to 1 compared 
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to their counterparts calculated for the case of the RC design codes. For 0.2< ρw < 0.4 
some values of VEXP/VCFP are less than 1 indicating that the CFP method in these cases 
overestimates the value of the shear strength established experimentally.  
 
Figure 4.29: Variation of VEXP/VPRED in relation to ρw (%) for BWS 
4.4.5 Validation of ANN through NLFEA of DB-II 
The validation of the predictions obtained from the ANN models is also achieved 
through the use of a well as an established commercial package (i.e., ABAQUS [8] as 
discussed in the Chapter 3 Section 3.5). 
Table 4.17: Summary of Case Studies for RC Beams for BWS 
Name b h d av/d ρl fyl fc ρw fyw N 
 (mm) (mm) (mm)  (%) (MPa) (MPa) (%) (MPa) (kN) 
Ashour, S.A. et al. (2000) [115] 
BON4 200 250 215 6.00 2.37 530 48.5 0.34 530 0 
BOM4 200 250 215 6.00 2.37 530 78.5 0.34 530 0 
BOH4 200 250 215 6.00 2.37 530 102.5 0.34 530 0 
Table 4.17 summarised the main design parameters characterising the specimens 
employed in 3 case studies selected from database DB -II in order to investigate them 
through the use of NLFEA Figure 4.30 described the comparison of the shear strength 
values predicted by the RC design codes, the CFP method, the ANN, and ABAQUS. 
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The NLFEA models developed (ABQ-DMG) are in close agreement with their 
experimentally established counterparts and the predictions of the ANN. 
 
Figure 4.30: Comparison between the predictions obtained from the various design 
codes considered, the ANN, the CFP method and the ABAQUS with their 
experimental counterparts for the case of BWS 
 
(a) 
   
(b) 
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Figure 4.31: (a) Comparison of experimentally and numerically established load-
deflection curves accompanied by the numerical predicted (b) flow of 
compressive stresses (c) damage developing along the beam span for the 
case of BWS specimens BON4, BOM4 and BOH4 (d) Values for Stress 
and Strain 
Figures 4.31(a-c) explained an indication of the stress conditions and damage 
characterising the specimens of beams with stirrups, i.e., BON4, BOM4 and BOH4 
[115] at ULS. Figure 4.31(a) explained that the load-deflection curve predicted by 
ABAQUS is in good agreement with it counterparts established experimentally. It is 
also interesting to note in Figure 4.31(b) described the principal stress, i.e., S33 
developing along the RC Beam at ULS, which correlated very closely with the arch-like 
frame of the CFP physical model shown in Figures 3.2 and 3.3 in Chapter 3. Such a 
close correlation may be seen as an indication of the ability of the model to provide a 
realistic description of the physical state of RC beam elements at their ULS. As regards 
the predicted damage, it is also interesting to note in Figure 4.31(c) described the plastic 
strain magnitude (i.e., PEMAG) along the member at the ULS, included the loss of bond 
in the 'critical lengths' which leads to stress redistributions and damage of concrete in 
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the compressive zone as predicted by the failure criteria incorporated in the CFP 
physical model. Therefore, the results of the comparative study highlight that the 
obtained numerical predictions verify the fact that the mechanics underlying the 
behaviour of the RC beams with stirrups (BWS) specimens investigated are in 
agreement with the assumptions of the physical model adopted by the CFP method. 
4.5 RC Columns (DB–III) 
The third database DB-III includes test data from tests carried out on RC columns 
(CWA) subjected to a combination of axial and lateral loading. DB-III contains 130 
samples collected from the different experimental studies, information obtained from 
the statically information of the values attributed to the various parameters is provided 
in Table 4.18. In this database, out of this 62 % (i.e., 80) samples exhibited the shear 
mode of failure and the rest 38% (i.e., 50) samples exhibited flexural mode of failure, as 
mentioned in the Appendix B3. The specimens considered are essentially cantilevers 
fully fixed at their bottom end while at their top they are subjected to a constant level of 
axial (compressive) loading and latter loading applied monotonically (at a constant rate) 
to failure (as shown in Figure 4.32). The test data included in the database account for 
the effect of design parameters on load-carrying capacity and mode of failure exhibited 
by the RC column specimens at the ULS.  
 
Figure 4.32: Experimental setup normally adopted for experimentally investing the 
behaviour of RC Columns (CWA) 
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Table 4.18: Statistical Information concerning the test data included in DB-III (CWA) 
    Min  Max  Diff  Avg. St. Dev COV 
b (mm) 150 550 400 323.03 117.16 0.36 
d (mm) 110.5 470 359.48 241.22 77.37 0.32 
av/d   2.647 8.73362 6.08657 5.1 1.57 0.31 
ρl (%) 0.87 6.16 5.29 3.19 1.15 0.36 
fyl (MPa) 313 559.5 246.5 463.16 50.13 0.11 
fc (MPa) 17.9 118 100.1 49.09 28.23 0.58 
ρw (%) 0.1 2.8 2.7 0.82 0.58 0.71 
fyw (MPa) 255 1424 1169 497.46 246.1 0.49 
N (kN) 111 5373 5262 1445.62 1270.2 0.88 
Mf kN-mm 15 1590 1575 366.91 337.62 0.92 
Vu (kN) 33 812 779 244.04 177.62 0.73 
4.5.1 Sensitivity analysis  
Table 4.19 and Figure 4.33 described the values of the correlation factor (r) established 
for critical parameters considered in DB-III. Based on these values different 
combinations of input parameters are selected which are used later on for the 
development of the ANN models aiming to predict the load-carrying capacity of the RC 
column specimens. Higher values of |r| suggest a more pronounced (as described in the 
Chapter 2 Section 2.9.2) effect between the parameter considered and the load-carrying 
capacity.  
 
Figure 4.33: Graphical representation of correlation r for CWA parameters 
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Table 4.19: Values of r expressing the effect between parameters considered in the 
database for the case of CWA 
  b d av/d ρl fyl fc ρw fyw N Mf Vu 
b 1.00                     
d 0.14 1.00                   
av/d 0.12 -0.28 1.00                 
ρl 0.25 -0.44 -0.04 1.00               
fyl -0.20 0.19 -0.24 -0.26 1.00             
fc -0.21 -0.17 0.33 0.01 -0.02 1.00           
ρw 0.01 -0.07 0.34 0.09 -0.05 0.65 1.00         
fyw -0.10 -0.37 0.05 0.19 -0.12 0.49 0.20 1.00       
N 0.50 0.22 0.33 0.04 -0.20 0.49 0.53 0.14 1.00     
Mf 0.79 0.35 0.01 0.23 -0.18 0.13 0.20 0.02 0.77 1.00   
Vu 0.75 0.34 -0.28 0.27 -0.16 0.06 0.13 0.05 0.62 0.93 1.00 
4.5.2 ANN models of DB-III 
A total of 9 different ANN models are developed based on the information available in 
database DB-III for predicting the load-carrying capacity of RC columns (CWA). Table 
4.20 presented the statistical information concerning the level of correlation achieved 
between the predicted values of load-bearing capacity obtained from the ANN models 
and their experimentally established counterparts. The selection of these combinations 
of parameters is based on the available physical models developed to date for describing 
the mechanics underlying RC structural response at the ULS and the sensitivity analysis 
carried out in the preceding section. 
Table 4.20: Architecture of ANN Models for CWA 
Vu  Min Max Diff Avg. St. Dev COV 
DB-III  33 812 779 244.04 177.62 0.73 
CWA-1 b,d,av/d,ρl,fyl,fc,ρw,fyw,N 23 811 788 243.33 173.79 0.71 
CWA-2 b,d,av/d,Mf,fc,ρw,fyw,N 35 777 742 236.52 175.74 0.74 
CWA-3 b/d,av/d,N/bdfc,Mf/fcbd2,ρw,fyw 37 804 767 238.49 173.53 0.73 
CWA-4 b/d,av/d,N/bdfc,ρw/ρl,fc/fyw 29 779 750 237.72 169.85 0.71 
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CWA-5 d,av/d,N/bdfc,Mf/fcbd2,fc,ρwfyw 34 916 882 263.85 184.36 0.7 
CWA-6 d,b/d,av/d,N/bdfcMf/fcbd2,ρw,fyw 45 881 836 254.32 180.35 0.71 
CWA-7 d,b/d,av/d,N/fcbd,Mf/fcbd2,fc,ρw,fyw 33 992 959 252.24 185.02 0.73 
CWA-8 d,b/d,av/d,N/fcbd,Mf/fcbd2,fc,ρwfyw 9 866 857 238.9 170.61 0.71 
CWA-9 d,b/d,av/d,Mf/fcbd2 ,fc,ρw,fyw 41 841 800 244.14 173.39 0.71 
 
Figure 4.34: Predictions obtained from different ANNs for the case of CWA 
 
Figure 4.35: Performance exhibited by ANN models for the case of CWA 
Figure 4.34 presented a comparison between the predictions of the nine ANN models 
presented in Table 4.20 and with their experimentally established counterparts and 
Figure 4.35 presented the values of the three error functions presently considered by 
these 9 ANN models considered in Table 4.20. On the basis of Figures 4.34 & 4.35, it is 
observed the CWA-3 exhibited the highest value of R in combination with the smallest 
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values of MSE and MAE while at the same time employing the smallest number of 
parameters. The input parameters for ANN CWA-3 are b/d, av/d, N/bdfc, Mf/fcbd
2, ρw, 
fyw. 
Table 4.21: Shear Strength Experimental and Predicated values for CWA 
    Min Max Mean St. Dev CV 
VEXP (kN) 33.00 812.00 244.04 177.62 0.73 
VANN (kN) 37.00 804.00 238.49 173.53 0.73 
VCFP (kN) 16.00 896.67 248.95 203.89 0.82 
VACI (kN) 15.98 661.31 183.27 144.49 0.79 
VEC2-45 (kN) 14.00 676.10 186.33 159.77 0.86 
VEC2 (kN) 14.00 762.50 190.57 164.87 0.87 
VJSCE (kN) 13.13 633.30 182.00 152.08 0.84 
VKBSC (kN) 14.00 661.31 178.18 145.96 0.82 
VCSA (kN) 13.13 710.83 183.73 155.31 0.85 
VNZ (kN) 14.00 714.17 191.51 159.03 0.83 
4.5.3 Comparative Studies DB-III 
A comparative study between the predicted values of shear capacity obtained from the 
current RC design codes, the CFP method, ANN model (i.e., CWA-3) and the relevant 
test data included in database DB-III is presented in this section for the case of RC 
Columns (CWA). Table 4.21 provided the results obtained from the statistical analysis 
of the predictions obtained concerning the load-carrying capacity in relation to the 
design parameters characterising the specimens included in database DB-III. These 
results are presented in the form of minimum, maximum and mean values, Standard 
Deviation and Coefficient of Variance. The mean value provides an indication 
concerning how safe or unsafe the predictions are whereas the Coefficient of Variance 
(CV) and Standard Deviation (St. Dev.) provides information concerning the accuracy 
of the predictions and the scatter. 
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Figure 4.36: Comparison between the predictions obtained from the various assessment 
methods employed and the ANN with their experimental counterparts for 
the case of CWA 
Table 4.21 and Figure 4.36 described that both the ANN and the CFP method appear to 
be capable of providing predictions at least comparable to their counterparts established 
experimentally and through the use of the design codes. Although being based on 
heuristic approaches which do not strictly adhere to the principles of theoretical 
mechanics, the predictions of the ANN models appear capable of providing predictions 
which provide a closer fit to the available test data compared to the predictions of the 
available design codes. Furthermore, it is worth mentioning that in spite being based on 
assumptions incompatible with the physical models adopted by the codes, the CFP 
method is capable of providing predictions of shear capacity closer to the test data 
compared to those obtained from the design codes. However, for some specimens, the 
predictions obtained from the CFP method may overestimate or underestimates the load 
carrying capacity determined experimentally. 
The results show a significant degree of the variation between the predictions obtained 
from the current RC design codes and their experimentally established counterparts. The 
codes generally provide predictions that underestimate the values established 
experimentally for the case of many of the samples included in the database. However, 
EC-2 tends to provide predictions concerning load-carrying capacity higher to those 
obtained by the other RC design codes considered. Both the formulations of EC-2 
(constant strut angle 45 and varying strut angle) are employed. ACI and JSCE, KBCS, 
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CSA and NZ provide predictions that tend to underestimate the values established 
experimentally.  
Table 4.22: Shear Strength Ratio of VEXP/VPRED for CWA 
  Min Max Mean St. Dev CV% 
VEXP/VANN 0.45 1.73 1.05 0.18 0.17 
VEXP/VCFP 0.71 4.39 1.36 0.94 0.69 
VEXP/VACI 0.90 5.96 1.81 1.30 0.72 
VEXP/VEC2-45 0.88 9.72 1.90 1.47 0.77 
VEXP/VEC2 0.88 9.72 1.89 1.48 0.78 
VEXP/VJSCE 0.90 6.18 1.90 1.33 0.70 
VEXP/VKBSC 0.90 5.96 1.90 1.28 0.67 
VEXP/VCSA 0.90 6.18 1.90 1.33 0.70 
VEXP/VNZ 0.89 5.56 1.77 1.20 0.68 
For the case of RC Columns, the predictions obtained from the ANNs (expressed as 
VEXP/VANN) exhibit the best Gaussian distribution, characterised by the lowest ST. DEV 
(as presented in Table 4.22). Table 4.22 presented the results obtained from the 
statistical analysis of predicted values of load-carrying capacity (expressed as 
VEXP/VPred). Based on this analysis the predictions of the ANN essentially coincide with 
the experimentally established values (VEXP) as the mean value of VEXP/VANN is 1.05 (≈1) 
for CWA samples. The predictions obtained by the CFP method (expresed as 
VEXP/VCFP) have the mean values (=1.36) closest to one among the predictions obtained 
from the other design codes considered. Furthermore, it is important to notice that 
standard deviation characterising the predictions of the ANN is the lowest followed by 
that associated with the predictions of the CFP. The standard deviation characterising 
the predictions of the other codes is considerable higher. 
Figure 4.37 described the normal (Gaussian) distribution of the ratios expressing the 
experimentally established load bearing capacity (VExp) normalised by its counterpart 
(VPred) provided by the current RC design codes, the CFP method and the ANN. The 
predictions obtained from the ANN (expressed as VEXP/VANN) exhibit the best Gaussian 
distribution characterised by the lowest standard deviation (S. DEV) and a mean value 
of 2 (VEXP/VANN). The predictions obtained from the CFP method (VEXP/VCFP) are the 
closest to those achieved by the ANN (VEXP/VANN) compared to the predictions of the 
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design codes. All the Gaussian distribution curves established based on the predictions 
obtained from the current RC design codes have a wide base (due to the wide standard 
deviation values) bottom and peak below than 0.25 (which is significantly less form the 
peak-value established by the predictions of the ANN and the CFP method). 
 
Figure 4.37: Curves describing the Normal Distribution of VEXP/VPRED for the case of 
CWA based on the predictions obtained from the various assessment 
methods employed and the use of ANNs 
 
Figure 4.38. Distribution VEXP/VPRED for the case of CWA based on the predictions 
obtained from the various assessment methods employed and the use of 
ANNs 
Figure 4.38 revealed how much the various methods employed in this study 
overestimate or underestimate the load carrying capacity (expressed as VExp/VPred) in 
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relation to their experimentally established counterparts. It is observed that ACI, EC2, 
JSCE, CSA & NZ often underestimated load-bearing capacity, as their number of 
samples are less than ANN and CFP, i.e., 80 out of 130 samples in the accurate range 
(i.e., from 0.0 to 0.75 and 0.76 to 1.25) for CWA. However, in the underestimate ranges 
(i.e., from 1.26 to 2.00 and from 2.01 to 12.00) all current design codes have more 
number of samples than ANN and CFP for CWA.  
4.5.4 Parametric Studies  
In this section, predictions obtained from the various design codes considered (ACI, 
EC2, JSCE, KBSC, CSA and NZ) [1-6], the CFP method [34] and the ANN developed 
are employed to further investigate the effect of various critical design parameters on 
the load-carrying capacity of the RC columns presently considered. The values of 
VExp/VPred are plotted against key design parameters of the RC Columns. These critical 
parameters include the effective depth, d (mm), the shear-span-to-depth, av/d ratio, the 
concrete strength, fc (MPa), the longitudinal steel ratio and ρl (%), the transverse steel 
ratio ρw (%) and the axial load ratio, N/Acfc (kN). Table 4.22 presented statistical 
information concerning for these ratios for all samples. As expected from the 
comparative study section, the predictions obtained from the VANN are in good 
agreement with their experimentally established counterparts VEXP/VANN. Furthermore, it 
is interesting to note that the predictions obtained from the CFP method provide the 
better correlation to the available test data compared to the predictions of the design 
codes (ACI, EC2-45, EC2, JSCE and KBSC) considered. 
 
Figure 4.39: Variation of VEXP/VPRED in relation to d (mm) for CWA 
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Effective depth against Ratios: The effect of the effective depth, d (mm) on the values 
of VExp/VPred is presented in Figure 4.39. As expected from the comparative study 
section, the predictions obtained from the ANNs exhibit the best agreement to the 
relevant test data as the values of VEXP/VANN are consistently close to one. In some case 
the values of VEXP/VANN are greater than one (indicating that the predictions of the ANN 
underestimate the values established experimentally) especially for 200mm < d < 
400mm. In addition, considering the predictions obtained from the various assessment 
methods considered those obtained from the CFP method provide the closest fit to the 
available test data as the values of VEXP/VCFP are closest to 1 and not more than 4, are 
characterised by the lowest scatter. In some cases, however, the values of VEXP/VCFP are 
less than 1, indicating that the CFP method may sometimes overestimate load-carrying 
capacity for 200 < d < 400 mm. The scatter characterising the values of VEXP/VACI, 
VEXP/VEC245, VEXP/VEC2, and VEXP/VKBSC is similar. In many cases, these values are often 
larger than 1 indicating that the predictions of the codes may often underestimate the 
load-carrying capacity of the columns. The scatter characterising the values of 
VExp/VJSCE and VExp/VNZ are nearly the same. Once again, these values are often larger 
than 1 indicating that the predictions of the codes may often underestimate the load-
carrying capacity of the columns. 
 
Figure 4.40: Variation of VEXP/VPRED in relation to av/d for CWA 
Shear to depth Ratio (av/d): The variations of the values of VExp/VPred against av/d are 
shown in Figure 4.40. Once again, the values of VEXP/VACI, VEXP/VEC2-45, VEXP/VEC2, 
VEXP/VKBSC, VEXP/VJSCE and VEXP/VNZ are characterised by significant scatter and all these 
values are larger than 1 indicating that these codes tend to underestimate load-carrying 
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capacity. The scatter is extremely large for values of av/d between 2 and 4 for all design 
codes. The values of VEXP/VANN are consistently closer to 1 (indicating good agreement 
between the predictions of the ANN and the test data) for all values of av/d considered. 
Once again, the values of VEXP/VCFP are closest to 1 and are characterised by the lowest 
scatter compared to its counterparts established from the rest of the design codes 
considered. Some values of VEXP/VCFP are less than 1 indicating that the CFP method 
may tend to overestimate the load-carrying capacity established experimentally for 2 < 
av/d < 4.  
 
Figure 4.41: Variation of VEXP/VPRED in relation to fc for CWA 
Compressive Strength (fc): The effect of compressive strength (fc) on the values of 
VExp/VPred is presented in Figure 4.41. As expected the values of VExp/VANN provide the 
closest fit to the available test data as their values are consistently closer to 1 and are 
characterised by the lowest scatter. Some values of VExp/VANN are larger than one 
especially when fc < 60 MPa. However, when considering the predictions of CFP 
method and the current RC design codes, VExp/VCFP provides the closest fit to the test 
data as its predictions are characterised by the smallest scatter for fc > 60 MPa. Some of 
VEXP/VCFP are larger than one, indicating that the CFP method may sometimes 
underestimate the experimentally established values of load-carrying for fc < 60 MPa. 
The scatter characterising the values of VEXP/VACI, VEXP/VEC2-45, VEXP/VEC2, VEXP/VKBSC, 
VEXP/VJSCE and VEXP/VNZ are similar. Furthermore, considering that in many cases the 
values of these ratios are larger than 1 indicates that these codes tend to underestimate 
load-carrying capacity.  
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Longitudinal steel ratio: The effect of longitudinal reinforcement ratio, ρl (%) on the 
values of VExp/VPred is presented in Figure 4.42. As expected the values of VExp/VANN 
provide the closest fit to the available test data as their values are consistently closer to 1 
and are characterised by the lowest scatter. Some values of VExp/VANN are larger than 
one especially when ρl < 2.0%. However, when considering the predictions of CFP 
method and the current RC design codes, VExp/VCFP provides the closest fit to the test 
data as its predictions are characterised by the smallest scatter for ρl > 2.0%. Some of 
VEXP/VCFP are larger than one, indicating that the CFP method may sometimes 
underestimate the experimentally established values of load-carrying for ρl < 2.0%. The 
scatter characterising the values of VEXP/VACI, VEXP/VEC2-45, VEXP/VEC2, VEXP/VKBSC, 
VEXP/VJSCE and VEXP/VNZ are similar. Furthermore, considering that in many cases the 
values of these ratios are larger than 1 indicates that these codes tend to underestimate 
load-carrying capacity. 
 
Figure 4.42: Variation of VEXP/VPRED in relation to ρl (%) for CWA 
Transverse Steel ratio: The effect of transverse steel ratio, ρw (%) on the values of 
VExp/VPred is presented in Figure 4.43. As expected the values of VExp/VANN provide the 
closest fit to the available test data as their values are consistently closer to 1 and are 
characterised by the lowest scatter. Some values of VExp/VANN are larger than one 
especially when ρw < 2.0%. However, when considering the predictions of CFP method 
and the current RC design codes, VExp/VCFP provides the closest fit to the test data as its 
predictions are characterised by the smallest scatter for ρw > 2.0%. Some of VEXP/VCFP 
are larger than one, indicating that the CFP method may sometimes underestimate the 
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experimentally established values of load-carrying for ρw < 2.0%. The scatter 
characterising the values of VEXP/VACI, VEXP/VEC2-45, VEXP/VEC2, VEXP/VKBSC, VEXP/VJSCE 
and VEXP/VNZ are similar. Furthermore, considering that in many cases the values of 
these ratios are larger than 1 indicates that these codes tend to underestimate load-
carrying capacity. 
 
Figure 4.43: Variation of VEXP/VPRED in relation to ρw (%) for CWA 
 
Figure 4.44: Variation of VEXP/VPRED in relation to N/Acfc for CWA 
Axial Load Ratio: The effect of axial load ratio, N/Acfc on the values of VExp/VPred is 
presented in Figure 4.44. As expected the values of VExp/VANN provide the closest fit to 
the available test data as their values are consistently closer to 1 and are characterised 
by the lowest scatter. However, when considering the predictions of CFP method and 
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the current RC design codes, VEXP/VCFP provides the closest fit to the test data as its 
predictions are characterised by the smallest scatter, however some of VEXP/VCFP are 
larger than one, indicating that the CFP method may sometimes underestimate the 
experimentally established values of load-carrying for N/Acfc < 0.20 The scatter 
characterising the values of VEXP/VACI, VEXP/VEC2-45, VEXP/VEC2, VEXP/VKBSC, VEXP/VJSCE 
and VEXP/VNZ are similar. Furthermore, considering that in many cases the values of 
these ratios are larger than 1 indicates that these codes tend to underestimate load-
carrying capacity. 
4.5.5 Validation of ANN through NLFEA of DB-III 
The validation of the predictions obtained from the most optimum ANN models (i.e., 
CWA-3) is also achieved through the use of nonlinear finite element analysis (i.e., 
ABAQUS [8] as discussed in the Chapter 3 Section 3.5). Table 4.23 summarised the 
main design parameters characterising the specimens employed in 3 case studies 
selected from database DB -III in order to investigate them through the use of NLFEA  
Table 4.23: Summary of Case Studies for RC Columns (CWA) 
Name b h d av/d fc ρl fyl N ρw fyw 
 (mm) (mm) (mm)  (MPa) (%) (MPa) (kN) (%) (MPa) 
Mo. Y.L. and Wang. S.J (2000) [116] 
W11 400 400 302.4 5.091 24.9 3.1 497 450 0.63 460 
W12 400 400 209.6 5 26.7 3.04 497 675 0.63 460 
W13 400 400 173.9 4.861 26.1 2.96 497 900 0.63 460 
Figure 4.45 described the comparison of the shear strength values predicted by the RC 
design codes, the CFP method, the ANN and ABAQUS. The NLFEA models developed 
(ABQ-DMG) are in close agreement with their experimentally established counterparts 
and the predictions of the ANN. 
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Figure 4.45. Comparison between the predictions obtained from the various assessment 
methods employed, ANN, CFP and the ABAQUS with their experimental 
counterparts for the case of CWA 
 
(a) 
   
(b) 
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  (e) 
Figure 4.46: Comparison of experimentally and numerically established data for CWA 
describing (a) Load Deflection Curves, (b) stress developing along the 
length of the columns, (c) the compressive Damage Stage and (d) Damage 
Stage for CWA (e) Values for Stress and Strain 
Figures 4.46(a-d) described an indication of the stress state and damage developing at 
ULS within the RC Column specimens: WC11, WC12 and WC13 [116]. Figure 4.46(a) 
shows that load-deflection curves predicted numerically (through the use of ABAQUS) 
are in good agreement with their counterparts established experimentally. It is 
interesting to note in Figure 4.46(b) described the principal stress, i.e., S33 developing 
Chapter 4- Assessment of RC Design Code for RC Beams and Columns at ULS 
117 
along the length of the specimen at ULS, indicated by the green and green-yellowish 
colours), indicating the predominately flexural failure. As Figure 4.46(c) described the 
level of damage in compression (i.e., DAMAGEC) sustained by the concrete along the 
member at the ULS and Figure 4.46(d) described the plastic strain magnitude (i.e., 
PEMAG) along the RC member at the ULS. 
4.6 Conclusion 
In this Chapter a comparison of the values of load-carrying capacity is presented for the 
case of RC beams and columns at ULS established by (i) experimentally, (ii) through 
the use the CFP method (iii) by adopting the available design codes and (iv) by 
employing ANNs. The most important conclusions derived from this comparative study 
are: 
• Although the development of the ANNs is based on heuristic approaches, which 
do not strictly adhere to the principles of theoretical mechanics, the predictions 
obtained to provide an excellent agreement with the available experimental data 
compared to those of the available design codes and the CFP method. 
• In spite being based on assumptions incompatible with the physical models 
adopted by the current RC design codes, the CFP method is capable of providing 
predictions of load-bearing capacity at least comparable to those of the codes. It 
is interesting to note that in many cases the CFP method provides predictions 
closer to the available test data  
• The predictions obtained by the all RC design codes appear to generally 
underestimate load-bearing capacity and are characterised by considerable 
scatter. The prediction of the KBSC, JSCE, CSA and NZ are very similar to 
those of ACI and EC2. For further studies in Chapter only ACI and EC2 will be 
used in comparison with the ANN and CFP method. 
• The predictions obtained via NLFEA (ABAQUS) are in good agreement with 
their counterparts established experimental and predicted by the ANN. 
Furthermore, the numerical predictions obtained appear to support the fact that 
the mechanics underlying the behaviour of the RC beams and columns 
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specimens investigated are in agreement with the physical model adopted by the 
CFP method. 
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CHAPTER 5: ASSESSING THE ACCURACY OF RC DESIGN 
CODE PREDICTIONS FOR T-BEAMS AND SLAB USING ANN 
5.1 Introduction 
In the previous Chapter, ANN models were trained to realistically predict the behaviour 
of RC members (i.e., beams and columns) with typical rectangular cross-sections. In the 
present Chapter, ANN models are developed to predict the behaviour at the ULS of RC 
members, the cross-section of which is characterised, by more complex geometries (i.e. 
RC T-beams) or for predicting localized modes of failure (such as those associated with 
punching shear in RC flat slabs subjected to concentrated load). The aim of this Chapter 
is also to assess the accuracy of the predictions of the current RC design code (i.e., ACI 
and EC2) [1, 2] by comparing them to their counterparts established (i) experimentally, 
(ii) through the use of ANNs, (iii) by employing the CFP method (the development of 
which is based on assumptions different to those of the available RC design codes) and 
(iv) numerically, via nonlinear finite element analysis (NLFEA) (i.e. ABAQUS [8]).  
Similar to the procedure adopted in Chapter 4, two databases are formed for the case of 
the T-beams: (i) the first database includes test data obtained from specimens without 
stirrups (TBWOS) and (ii) the second database includes data obtained from specimens 
with stirrups (TBWS). On the basis of these databases, different ANN models with 
different numbers of input parameters are developed and their predictions are compared 
to their counterparts obtained from the available RC design codes (i.e., ACI and EC2) 
[1, 2] and the CFP method [34]. A third database is also developed describing the effect 
of various design parameters on the load-carrying capacity associated with punching 
shear (SCS) for the case of RC flat slabs subjected to concentred loads. All these three 
aforementioned databases are used to develop ANN models, capable of predicting the 
load-carrying capacity of the subject specimens. The training procedure for these ANN 
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models are based on the guidelines presented in Chapter 4, Section 4.3. ANNs are 
essentially used to directly and objectively analyse the available test data and quantify 
the effect of important design parameters on certain aspects of the recorded behaviour 
when approaching the ULS allowing for the development of a practical knowledge-
based tool capable of predicting RC structural behaviour at the ULS. In addition to the 
above, nonlinear finite element (NLFEA) (i.e., ABAQUS [8]) analysis is also employed 
to verify the observed differences between the predictions of the ANNs, the available 
codes and the test data.  
5.2 The development of ANN Model for RC T-Beams  
In this section, ANN models for T-beams are used to assess predictions obtained by the 
different assessment methods such as the current RC design codes (i.e., EC2 and ACI) 
[1, 2], the CFP method [117] and NLFEA (ABAQUS) [8]. 
5.2.1 Current codes provisions for assessing the behaviour of RC T-Beams at ULS 
The present section focuses on assessing the behaviour exhibited by simply supported 
reinforced concrete (RC) beam specimens with a T-shaped cross section which often 
exhibit values of shear capacity significantly higher than those characterising RC beams 
with similar geometry, reinforcement configuration and material properties but with a 
rectangular cross section [1, 2]. This difference can be attributed to the flanges located 
on the top of the beams' compressive zone. The latter effect is not accounted for by the 
current design codes [1, 2] as discussed in the Chapter 3 in section 3.3 
5.2.2 Assessing the behaviour of RC T-Beams at ULS using the CFP method 
Unlike the codes of practice, the compressive force path (CFP) method has been 
modified in order to account for the presence of the flange when assessing the behaviour 
of T-beams [117]. By invoking Saint Vennant's principle (discussed in section Chapter 
3), the tensile stresses developing in the compressive zone ( as described in the Figures 
3.5 and 3.6) [34] due to change in the direction of the flow of the compressive stresses 
are assumed to diminish in the manner indicated in Figure. 5.1(a). This occurs not only 
in the longitudinal direction but also in the transverse direction, across the cross-
section's width within the flange to a distance of hf on either side of the web, where hf is 
the depth of the flange at its intersection with the web. By adopting the uniform tensile 
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stress distribution of 0.25ft in the longitudinal direction underlying the derivation of Eq. 
(3.1), [34] the 'true' distribution of the tensile stresses in the flange is replaced with a 
uniform stress distribution with intensity 0.25 (0.25 ft), where 0.25 ft is the intensity of 
the uniform stress distribution in the web (as shown in Figure. 5.1(b)). Then, the 
additional tensile force sustained by the flange over a length 2d (where d is the effective 
depth of the beam) will be [117]. 
𝑇𝐼𝐼,1,𝑓 = 2(0.25)(0.25𝑓𝑡)ℎ𝑓(2𝑑) = 0.5
2𝑓𝑡ℎ𝑓𝑑    Eq. (5.1) 
Therefore, the total force sustained by the T-beam becomes: 
𝑇𝐼𝐼,1,𝑇 = 0.5𝑓𝑡𝑏𝑤𝑑 + 0.5
2𝑓𝑡ℎ𝑓𝑑 = 0.5𝑓𝑡(𝑏𝑤 + 0.5ℎ𝑓)𝑑  Eq. (5.2) 
with TII,1T being numerically equal to the shear force VII,1T developing at the same 
location. 
  
(a) (b) 
Figure 5.1: (a) Rapidly diminishing transverse tensile stresses on either side of the 
location of the peak value of ft to zero at a distance of d and equivalent 
uniform stress block with intensity 0.25ft and (b) Proposed stress blocks in 
web and flanges across a T-beam's width [117] 
The verification of the ability of Eq. (5.2) to produce realistic predictions of the shear 
force corresponding to failure at the location of TBWOS at a distance of 2.5d from the 
nearest support has been based on comparing the equation's predictions with the values 
of shear capacity established from tests on T-beams reported in the Appendix C1 and 
C2. The effect of the presence of transverse reinforcement is also discussed by reference 
to experimental information on TBWS.  
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5.2.3 Experimental Setup and Statistical Information of RC T-Beams 
Two databases containing are formed based on the published test data obtained from 
tests conducted to date on simply supported RC T-beam specimens without and with 
stirrups (TBWOS & TBWS). Test data from 30 tests are included in database TBWOS, 
out of these 60% (i.e., 18) samples exhibited the shear mode of failure and the rest 40% 
(i.e., 12) samples exhibited a flexural mode of failure, as mentioned in the Appendix 
C1. For TBWS, 57 tests in database out of this 98 % (i.e., 56) samples exhibited the 
shear mode of failure and the rest 2% (i.e., 1) sample exhibited a flexural mode of 
failure, as mentioned in the Appendix C2. Test data express the effect of various design 
parameters on the load-carrying capacity of the subject specimen at the ULS. All 
specimens considered are simply supported and subjected to concentrated loads applied 
at certain locations along their span (subjected to 3 or 4-point bending tests) as shown in 
Figure 5.2. Tables 5.1 & 5.2 provided the statistical information concerning the 
variation of certain parameters associated with the specimens considered in this 
database. This statistical information contributes for the selection of the appropriate 
input parameters used for the development of the relevant ANNs and for determining 
the applicability the proposed ANNs models because the range of values of these 
parameters considered by the database (i.e., the limits of the latter range of values form 
the boundaries within which the ANN models can provide accurate predictions). 
  
(a) (b) 
Figure 5.2: Experimental setup for (a) 3-point and (b) 4-point bending Tests carried out 
on RC T-Beams (TBWOS & TBWS) 
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Table 5.1: Statistical information concerning the test data in database TBWOS  
  
Min Max Mean St. Dev COV 
fc MPa 17.5 46.2 30.92 7.46 0.24 
bw mm 50 177.8 121.5 35.83 0.29 
hf mm 38.1 102 58.83 19.88 0.34 
bf mm 152.4 914.4 417.33 180.9 0.43 
d mm 177.8 350 230.18 38.25 0.17 
bw/d Ratio 0.21 0.85 0.53 0.16 0.3 
bf/hf Ratio 2 12.67 8 3.88 0.49 
ρlfyl MPa 5.33 28.26 12.95 7.35 0.57 
ρtfyt MPa 0 7.33 0.79 1.99 2.52 
av/d Ratio 2.5 10.42 4.04 1.87 0.46 
Mf kN-mm 26994.66 407435 79299.35 75435.56 0.95 
Vu kN 19 81.27 40.52 15 0.37 
Table 5.2: Statistical information concerning the test data database TBWS 
  
Min Max Mean St. Dev COV 
fc MPa 12 57 28.85 8.46 0.29 
bw mm 50 300 144.07 30.23 0.21 
hf mm 75 102 79.22 6.48 0.08 
bf mm 300 960 562.37 173.24 0.31 
d mm 254 375 288.63 43.19 0.15 
bw/d Ratio 0.17 1 0.51 0.13 0.25 
bf/hf Ratio 3.75 12 7.15 2.27 0.32 
ρlfyl MPa 5.98 35.86 18.73 6.54 0.35 
ρtfyt MPa 0 15.1 1.06 2.44 2.3 
ρwfyw MPa 0.38 4.91 1.45 1.02 0.7 
av/d Ratio 1.5 7.2 3.68 1.08 0.29 
Mf kN-mm 74364.23 407729.8 207611.2 90840.52 0.44 
Vu kN 74 375.5 163.97 75.11 0.46 
Chapter 5- Assessment of RC Design Code for RC T-Beams and Slab at ULS 
124 
 
Figure 5.3: Correlation parameter r expressing the effect of different design parameters 
on the load-carrying capacity for the case of T-beams without stirrups 
(TBWOS) 
 
Figure 5.4: Correlation parameter r expressing the effect of different design parameters 
on the load-carrying capacity for the case of T-beams with stirrups 
(TBWS) 
5.2.4 Sensitivity analysis  
Figures 5.3 & 5.4 described the values of the correlation parameter (r) concerning the 
effect of critical parameters (i.e. bw,hf,bf,d,av/d,fc,ρlfyl and bw,hf,bf,d,av/d,fc,ρlfyl,ρwfyw 
considered in databases TBWOS & TBWS respectively) on the load-carrying capacity 
of the subject specimens. Based on these values different combinations of input 
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parameters are selected for the development of the ANN models as described in Tables 
5.3 & 5.4. Higher values of |r| result in a more pronounced effect, as already discussed 
in the Chapter 2 section 2.9.2.  
5.2.5 Development of ANN models  
The development and training of the ANN models for the case of the T-beams is similar 
to the procedure followed in Chapter 4 (for the case of RC beams and columns with 
rectangular cross-sections) and is based and the developed guidelines provided in 
Chapter 2. A total of 4 different ANN models having a different number of input 
parameters are developed for each case of specimens considered herein TBWOS & 
TBWS based on the Figures 5.3 & 5.4. The selection of these combinations is based on 
the available physical models developed to date for describing the mechanics 
underlying RC structural response at the ULS (described concisely in chapter 2). Table 
5.3 and 5.4 presented the statistical information concerning concerning the predicted 
values of load-bearing capacity obtained from the ANN models (TBWOS-1 to 
TBWOS-4 and TBWS-1 to TBWS-4) and their experimentally established counterparts.  
Table 5.3: Architecture of ANN Models for TBWOS 
    Min Max Diff Avg. St.Dev COV 
VEXP 
bw,hf,bf,d,av/d, 
fc,ρlfyl 19 81.2 62.2 40.52 15 0.37 
TBWOS-1 
bw,hf,bf,d,av/d, 
fc,ρlfyl 21 81 60 40.85 13.8 0.34 
TBWOS-2 
bw,hf,bf,d,av/d,fc, 
Mf/fcbwd
2 22 81 59 40 14.52 0.36 
TBWOS-3 
bw/d,bf/hf,av/d, 
ρlfyl,fc/fyl 7 80 73 37.7 14.73 0.39 
TBWOS-4 
bw/d,bf/hf,av/d, 
Mf/fcbwd
2,fc/fyl 20 83 63 42.52 16.3 0.38 
Figure 5.5 described the prediction of these four ANN models with their respective 
counterpart experimental values. Figure 5.6 described the values of the three error 
functions (MSE, MAE, R) as discussed in the Chapter 2, section 2.11.1, considered by 
the different ANN models developed for the case TBWOS. Form Figures 5.5 and 5.6 it 
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is observed that for the case of TBWOS-2 the error function R attains its maximum 
value whereas MSE attains its smallest value while at the same time employing the 
smallest number of input parameters (i.e., bw, hf, bf, d, av/d, fc, Mf/fcbwd
2). It should be 
noted that the value of MAE is the second smallest in this case but with for the smaller 
number of input parameters, it is more useful as compared to the TBWOS-1. 
 
Figure 5.5: Predictions obtained from different ANN Models for the case of TBWOS 
 
Figure 5.6: Performance exhibited by ANN models for the case of TBWOS 
Figure 5.7 described the predictions of the four ANN models considered with their 
respective counterpart experimental values. Figure 5.8 described the values of the three 
error functions (MSE, MAE, R) as discussed in the Chapter 2, section 2.11.1, presently 
considered by the different ANN models developed on the basis of the information 
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included in database TBWS. Form Figures 5.7 and 5.8 it is observed for the case of 
model TBWS-3 error function R attains is the highest value MSE attains its lowest value 
and MAE the second smallest values. At the same time, the subject ANN model 
employs the smallest number of parameters (i.e., bw/d, bf/hf, av/d, ρvfyv/ρbfyb, fc/fy). 
Table 5.4: Architecture of ANN Models for TBWS 
Vu   Min Max Diff Avg. St. Dev COV 
VEXP 
bw, hf, bf, d, av/d, 
fc, ρlfyl, ρwfyw 
74 375.5 301.5 163.97 75.11 0.46 
TBWS-1 
bw,hf,bf,d,av/d,  
fc,ρlfyl,ρwfyw 
88 354 266 170.44 76.97 0.45 
TBWS-2 
bw,hf,bf,d,av/d,fc, 
Mf/fcbwd
2,ρwfyw 
88 373 285 168.76 80.89 0.48 
TBWS-3 
bw/d,bf/hf,av/d, 
ρvfyv/ρlfyl,fc/fyl 
87 348 261 192.34 59.85 0.31 
TBWS-4 
bw/d,bf/hf,av/d, 
Mf/fcbwd
2,ρwfyw,fc/fyl 
49 330 281 184.53 59.19 0.32 
 
Figure 5.7: Predictions obtained from different ANNs for the case of TBWS 
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Figure 5.8: Performance exhibited by ANN models for the case of TBWS 
5.2.6 Comparison between ANN predictions and test data  
A comparative study of the predicted values of shear capacity obtained from the current 
RC design codes such as EC2 and ACI [1, 2], the extended CFP method [117], the ANN 
model and their experimentally established counterparts is presented in this section, for 
both the cases of T-beams considered, without and with stirrups (TBWOS & TBWS). 
Table 5.5 and 5.6 provided the statistical information of these predictions in term of (i) 
minimum, maximum and mean values, (ii) Standard Deviation (St. Dev) and (iii) 
Coefficient of Variance (CF). The mean values predicted by the various assessment 
method presently employed in relation to their experimentally established counterparts 
provides an indication concerning how safe or unsafe the predictions in terms of load-
carrying capacity are. The values associated with the Coefficient of Variance (CV) and 
Standard Deviation (St. Dev.) also provide information regarding the accuracy and the 
scatter characterising the predictions for all the case studies considered in the relevant 
database. When the predicted values obtained from a specific assessment method is 
characterised by mean values that are in agreement to their experimentally established 
counterparts and also values of Coefficient of Variance (CV) and Standard Deviation 
(St. Dev.) similar or smaller characterising the experimental data (the scatter of the 
experimental data can be associated with the variation of a range of design parameters) 
it can be considered that the predictions are accurate.  
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Table 5.5: Shear Strength Experimental and Predicated values for TBWOS 
  units  Min Max Mean St. Dev CV 
VEXP (kN) 19.00 81.27 40.52 15.00 0.37 
VANN (kN) 22.00 81.00 40.00 14.52 0.36 
VCFP (kN) 16.80 53.04 34.55 11.73 0.34 
VACI (kN) 12.97 45.22 26.17 9.56 0.37 
VEC2 (kN) 16.41 50.97 27.69 8.44 0.30 
Table 5.6: Shear Strength Experimental and Predicated values for TBWS 
   units Min Max Mean St. Dev CV 
VEXP (kN) 74.00 375.50 163.97 75.11 0.46 
VANN (kN) 88.00 373.00 168.76 80.89 0.48 
VCFP (kN) 43.30 421.58 117.67 90.30 0.77 
VACI (kN) 49.81 306.52 99.65 57.31 0.58 
VEC2 (kN) 33.45 319.55 117.99 75.28 0.64 
 
Figure 5.9: Comparison of the predictions obtained EC2, ACI, the extended CFP 
method and the ANN with the available test data for the case of T-beam 
without shear links (TBWOS). 
Tables 5.5 & 5.6 and Figures 5.9 & 5.10 described that both the ANN and the CFP 
method appear to be capable of providing predictions at least comparable to their 
counterparts established experimentally and through the use of the design codes. 
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Furthermore, it is worth mentioning that in spite being based on assumptions 
incompatible with the physical models adopted by the codes, the CFP method is capable 
of providing predictions of load-carrying capacity closer to that established 
experimentally compared to the predictions obtained from EC2 and ACI [1, 2].  
 
Figure 5.10: Comparison of the predictions obtained EC2, ACI, the extended CFP 
method and the ANN with the available test data for the case of T-beam 
with shear links (TBWS). 
Table 5.7: Shear Strength Ratio of VEXP/VPRED for TBWOS 
  Min Max Mean St. Dev CV% 
VEXP/VANN 0.77 1.54 1.02 0.15 0.15 
VEXP/VCFP 0.89 2.01 1.19 0.25 0.21 
VEXP/VACI 1.13 2.85 1.58 0.33 0.21 
VEXP/VEC2 1.05 2.25 1.46 0.29 0.20 
In some cases, the predictions of the CFP method tend to overestimate or underestimate 
the load carrying capacity by a margin of 10% when compared to their experimentally 
established counterparts, whereas the margin for the current RC design codes is more 
than 30%. Overall the ANNs, although being based on heuristic approaches which do 
not strictly adhere to the principles of theoretical mechanics, appear to be capable of 
providing predictions which provide a closer fit to the available test data compared to 
the predictions of the available design codes. It is interesting to notice that the 
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predictions of the RC design codes presently consider tend to underestimate the load-
carrying capacity for a number of cases considered.  
Table 5.8: Shear Strength Ratio of VEXP/VPRED for TBWS 
  Min Max Mean St. Dev CV% 
VEXP/VANN 0.68 1.28 0.98 0.11 0.11 
VEXP/VCFP 0.77 3.09 1.66 0.50 0.30 
VEXP/VACI 0.42 2.63 1.75 0.33 0.19 
VEXP/VEC2 0.38 2.88 1.62 0.50 0.31 
When considering databases TBWOS and TBWS, the predictions obtained from the 
ANNs (expressed as VEXP/VANN) exhibit the best Gaussian distribution characterised by 
the lowest value of ST. DEV as shown in Tables 5.7 and 5.8. The latter tables presented 
the results obtained from the statistical analysis of the values of VEXP/VPred obtained 
from the ANN (VANN) which essentially coincide with the experimentally established 
values (VEXP) as the mean value of VEXP/VANN is equal to 1.02 and 0.98 for the case of 
the T-beam specimens without and with stirrups (TBWOS and TBWS) respectively. 
The mean value of VEXP/VCFP is equal to 1.19 for TBWOS and VEXP/VEC2 is 1.62 for 
TBWS. Furthermore, the standard deviation characterising the predictions of the ANN 
is the lowest followed by that associated with the predictions of the CFP for the case of 
TBWOS and of the EC2 for the case of TBWS. The standard deviation characterising 
the predictions of the other codes is considerably higher. 
Figures 5.11 & 5.12 presented the normal (Gaussian) distribution of the ratios 
expressing the experimentally established load bearing capacity (VEXP) normalised by its 
predicted counterpart (VPRED) provided by the current RC design codes, the CFP method 
and the ANN. The predictions obtained from the ANN (expressed as VEXP/VANN) exhibit 
the best Gaussian distribution characterised by the lowest standard deviation (S. DEV) 
and a mean value close to 1 (i.e., VEXP=VANN). The predictions obtained from the CFP 
method (VEXP/VCFP) are the closest to those achieved by the ANN (VEXP/VANN) 
compared to the predictions of the design codes, for BWOS. All the Gaussian 
distribution curves from current RC design codes have wide bottom and peak below 
than 0.5 in for BWOS.  
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Figure 5.11: Curves describing the Normal Distribution of VEXP/VPRED for the case of 
TBWOS based on the predictions obtained from the various assessment 
methods employed and the use of ANNs 
 
Figure 5.12: Curves describing the Normal Distribution of VEXP/VPRED for the case of 
TBWS based on the predictions obtained from the various assessment 
methods employed and the use of ANNs 
Figures 5.13 and 5.14 revealed how much the various methods employed in this study 
overestimate or underestimate the load bearing capacity (expressed as VEXP/VPRED) in 
relation to their experimentally established counterparts. It is observed that ACI and 
EC2 often underestimated load-bearing capacity, as the associated number of samples 
are less compared to those associated with the predictions and the ANN and CFP. The 
predictions obtained by the ANN for 80 % of the samples are situated in the accurate 
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range (0.76 < VEXP/VPRED < 1.25) for the case of TBWOS and 90% of the samples for 
the case of TBWS in the accurate range (0.35 < VEXP/VPRED < 1.25).  
 
Figure 5.13: Distribution VEXP/VPRED for the case of TBWOS based on the predictions 
obtained from the various assessment methods employed and the use of 
ANNs 
 
Figure 5.14: Distribution VEXP/VPRED for the case of TBWS based on the predictions 
obtained from the various assessment methods employed and the use of 
ANNs 
However, when considering the cases in which the predicted values underestimate the 
experimentally established values of load-carrying capacity (i.e. from 1.26 < VEXP/VPRED 
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< 2 and 2.01 < VEXP/VPRED < 3.5) the number of samples associated with the predictions 
of the available design codes are significantly more than their counterparts associated 
with the predictions of the ANN and CFP method for both cases TBWOS & TBWS.  
5.2.7 Parametric Studies of T-Beams 
In this section, EC2, ACI [1, 2], the extended CFP [117] and the ANN predictions are 
employed to investigate the effect of key design parameters on the load-carrying 
capacity of simply supported RC T-beam specimens and demostrate the ability of the 
ANN to form a reliable predictive tool. To achieve this, the ratio of VEXP/VPRED is 
plotted against critical parameters characterising the design of the RC beams without 
and with stirrups (TBWOS and TBWS). These critical parameters include the effective 
depth (d), the width of the web to depth ratio (bw/d), the flange width to thickness ratio 
(bf/hf), the shear-span-to-depth ratio (av/d), the concrete strength, (fc), the longitudinal 
steel ratio (ρl·fyl) and the transverse steel ratio (ρv·fyv). 
 
Figure 5.15: Variation of VEXP/VPRED with d for TBWOS 
Effective web depth (d): The effect of d on VEXP/VPRED is presented in Figures 5.15 and 
5.16 for the case of TBWOS and TBWS respectively. As expected from the 
comparative study section, the predictions of the ANN (VANN) are in good agreement 
with their experimentally established counterparts. The predictions of the CFP method 
(VCFP) are closer to their experimentally established counterparts compared to the 
predictions of the available RC design codes. In some cases, the CFP method appears to 
overestimate the load-carrying capacity of the specimens, especially when considering 
beams with 220 mm < d < 240 mm for TBWOS and 260 mm < d < 390 mm for TBWS. 
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The scatter associated with the predictions of the RC design codes (VEXP/VACI and 
VEXP/VEC2) are similar (although much higher than that exhibited by CFP method) for 
the case of both parameters considered herein. 
 
Figure 5.16: Variation of VEXP/VPRED with d for TBWS 
Width of the web to depth ratio (bw/d): The effect of bw/d on VExp/VPred is presented in 
Figures 5.17 and 5.18 for the case of TBWOS and TBWS respectively. As expected 
from the comparative study section, the predictions of the ANN (VANN) are in good 
agreement with their experimentally established counterparts. The predictions of the 
CFP method (VCFP) are closer to their experimentally established counterparts compared 
to the predictions of the available RC design codes. In some cases, the CFP method 
appears to over-estimate the strength of the specimens, especially when considering 
beams with 0.3 < bw/d < 0.5 for both cases of T beams. The scatter associated with the 
predictions of the RC design codes (VEXP/VACI and VEXP/VEC2) are similar (although 
much higher than that exhibited by CFP method) for the case of both parameters 
considered herein. 
Shear-to-depth Ratio (av/d): The effect of av/d on VEXP/VPRED is presented in Figures 
5.19 and 5.20 for the case of TBWOS and TBWS respectively. The predictions of the 
ANN (VANN) are in good agreement with their experimentally established counterparts. 
The predictions of the CFP method (VCFP) are closer to their experimentally established 
counterparts compared to the predictions of the available RC design codes. In some 
cases, the CFP method appears to over-estimate the strength of the specimens, 
especially when considering beams with 3 < av/d < 4.5. The scatter associated with the 
predictions of the RC design codes (VEXP/VACI and VEXP/VEC2) are similar (although 
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much higher than that exhibited by CFP method) for the case of both parameters 
considered herein. 
 
Figure 5.17: Variation of VEXP/VPRED with bw/d for TBWOS 
 
Figure 5.18: Variation of VEXP/VPRED with bw/d for TBWS 
 
Figure 5.19: Variation of VEXP/VPRED with av/d for TBWOS 
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Figure 5.20: Variation of VEXP/VPRED with av/d for TBWS 
Concrete compressive strength (fc): The effect of fc on VEXP/VPRED is presented in 
Figures 5.21 and 5.22 for T-beams without stirrups and for T-beams with stirrups 
(TBWOS and TBWS) respectively. VEXP/VANN is consistently closer to 1 compared to 
its counterparts obtained from the rest of the assessment methods considered. The 
scatter characterising the values of VEXP/VCFP is minimum when fc > 60 MPa. In some 
cases, the CFP appears to overestimate load-carrying capacity for fc < 60 MPa. The 
scatter for VEXP/VACI and, VEXP/VEC2, are similar but much higher than that 
characterising the predictions of the CFP and the ANN. 
 
Figure 5.21: Variation of VEXP/VPRED with fc for TBWOS 
Chapter 5- Assessment of RC Design Code for RC T-Beams and Slab at ULS 
138 
 
Figure 5.22: Variation of VEXP/VPRED with fc for TBWS 
Longitudinal and Transverse Reinforcement ratio: Figures 5.23 and 5.24 shown the 
variation of VEXP/VPRED with the longitudinal reinforcement ratio (ρlfyl) for both cases of 
T-beams considered (TBWOS and TBWS) whereas Figure 5.25 shown the the variation 
of VEXP/VPRED with the transverse reinforcement ratio (ρwfyw) for the case of TBWS 
only. Once again, the predictions of the ANN (VANN) provide the best fit to the available 
experimental data. The values of VEXP/VCFP exhibit less scatter in comparison to their 
counterparts obtained from the various RC design codes considered, especially when 10 
< ρl < 15. Once again, the scatter for VEXP/VACI and VEXP/VEC2 are similar for both 
parameters considered but much higher than that characterising the predictions of the 
CFP method and the ANN. Similarly, for the transverse steel the values of VExp/VCFP 
shows variation away from the unit line against all values. 
 
Figure 5.23: Variation of VEXP/VPRED with ρlfyl for TBWOS 
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Figure 5.24: Variation of VEXP/VPRED with ρlfyl for TBWS 
5.2.8 Validation of ANN through NLFEA of T-Beams 
The validation of ANN optimised models is also achieved through the use of ABAQUS 
[8] through the use of NLFEA as described in Chapter 3 section 3.5. Tables 5.9 and 5.10 
summarised the main design parameters considered characterising the specimens 
employed in the 3 case studies selected from both the case of T-beams without and with 
stirrups. Figures 5.26 and 5.27 presented the comparison of the predictions of shear 
strength RC provided by the CFP method, ACI, EC2, ANNs and ABAQUS. The 
predictions obtained from the ABAQUS [8] are in close agreement with their 
experimentally established values and the associated ANN predictions. 
 
Figure 5.25: Variation of VEXP/VPRED with ρwfyw for TBWS. 
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Table 5.9: Summary of Case Studies for RC Beams for TBWOS 
Name bw hf bf d av/d ρl fyl fc 
 (mm) (mm) (mm) (mm)  (%) (MPa) (MPa) 
Rendy Thamrin et al. (2014) [118] 
TWOS2 125 70 250 219 3.7 1.0 550 32 
TWOS3 125 70 250 219 3.7 1.5 550 32 
TWOS5 125 70 250 212 3.7 2.5 550 32 
Table 5.10: Summary of Case Studies for RC Beams for TBWS 
Name bw hf bf d av/d ρl ρw fyl fc 
 (mm) (mm) (mm) (mm)  (%) (%) (MPa) (MPa) 
 Dipti Ranjan et al. (2015) [119] 
TWS1.6 150 50 300 270 1.6 1.5 0.75 550 23.3 
TWS2.5 150 50 300 270 2.5 1.5 0.75 550 23.3 
TWS3.0 150 50 300 270 3.0 1.5 0.75 550 23.3 
 
Figure 5.26: Comparison between the predictions obtained from the EC2, ACI, CFP 
method, the ANN and ABAQUS with their experimental counterparts for 
the case of TBWOS 
Figures 5.28(a-c) and 5.29(a-c) provided an indication of the stress and the associated 
distribution of damage characterising the specimens of T-beams without stirrups 
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(TBWOS;  i.e. TWOS2, TWOS3 and TWOS5) [118] and T-beam with stirrups (TBWS; 
i.e. TWS1.6, TWS2.5 and TWS3.0) [119] approaching ULS.  
 
Figure 5.27: Comparison between the predictions obtained from the EC2, ACI, CFP 
method, the ANN and ABAQUS with their experimental counterparts for 
the case of TBWS. 
 
(a) 
   
(b) 
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Figure 5.28: (a) Comparison of experimentally and numerically established load-
deflection curves accompanied by the numerical predicted (b) flow of 
compressive stresses and (c) damage developing along the beam span for 
the case of TBWOS specimens TWOS2, TWOS3 and TWOS5 (d) Values 
for Stress and Strain 
Figures 5.28(a) and 5.29(a) shown that the load-deflection curves predicted by 
ABAQUS are in good agreement with their experimentally established counterparts. It 
is also interesting to note, that Figures 5.28(b) and 5.29(b) described the principal stress, 
i.e., S33 developing along the length of the specimen (indicated by the green and green-
yellowish colours on account of bending correlates very closely with the arch-like frame 
of the CFP physical model shown in Figures 3.2 and 3.3 in the Chapter 3. Such a close 
correlation may be seen as an indication of the ability of the model to provide a realistic 
description of the physical state of RC beam elements at their ULS. Figure 5.28(c) and 
5.29(c) described the plastic strain magnitude (i.e., PEMAG) along the frame at the 
ULS. 
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(a) 
   
(b) 
   
(c) 
  (d) 
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Figure 5.29: (a) Comparison of experimentally and numerically established load-
deflection curves accompanied by the numerical predicted (b) flow of 
compressive stresses and (c) damage developing along the beam span for 
the case of TBWS specimens TWS1.6, TWS2.5 and TWS3.0 (d) Values 
for Stress and Strain 
As regards the predicted damage, it is also interesting to note that in Figures 5.28(c) and 
5.29(c) the damage includes loss of bond in the 'critical lengths' which leads to stress 
redistributions and damage of concrete in the compressive zone as predicted by the 
failure criteria incorporated in the CFP physical model. Therefore, the comparative 
studies highlight that the obtained numerical predictions verify the fact that the 
mechanics underlying the behaviour of the RC T-beams without and with stirrups 
specimens investigated are in agreement with the assumptions of the physical model 
adopted by the CFP method. 
5.3 ANN Model for RC Flat Slab  
The use of flat slabs (i.e. slabs directly supported on columns as shown in Figure 5.30) in 
RC construction is widespread because, not only enhances architectural flexibility and leads 
to more clear space, but also requires less formwork, increases the number of storeys for a 
given building height (as shown in Figure 5.31) and simplifies construction, thus leading to 
a reduction in the completion time and the cost of construction. However, despite its simple 
appearance, a flat slab is prone to a brittle mode of failure referred to as punching. This is 
widely considered to be a ‘shear’ type of failure; it occurs in the region of a supporting 
column and leads to the formation of a punching cone separating the column from the slab 
even before yielding of the flexural reinforcement. A comprehensive description of the 
work carried out to the year 2000 on the problem of punching under monotonic loading 
forms the subject of a number of works [120]. This section primarily focuses on the 
development of methods for assessing the punching capacity, as well as on testing the 
validity of these methods through a comparison of their predictions with test results used to 
establish a data bank with information on punching tests. More recent work on the subject is 
experimental and mainly concerned with the verification of the code adopted formulae for 
punching capacity [1, 2]. 
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Figure 5.30: (a) Conventional system (less clear height), (b) Flat slab, (c) Capital (d) 
Drop panel and (e) Waffle slab [121] 
The design of a slab-column connection is a critical issue for the design of RC flat slab 
structures because of problems associated with (i) the serviceability limit state, due to 
large deflections exhibited by the RC flat slabs and (ii) the development of high 
concentrations of shear stresses as well as the superposition of shear and flexural 
stresses in the slab-column region. This is widely considered to be a ‘shear’ type of 
failure which occurs in the region of a supporting column and leads to the formation of 
a punching cone (as shown in Figure 5.32a) separating the column from the slab even 
before yielding of the flexural reinforcement. The latter form of shear failure [1, 2], 
especially in two-dimensional (2D) RC structural elements (i.e., RC flat slabs, RC 
plates, RC footings, etc.) is exhibited in the effective regions around the locations at 
which concentrated loads are applied. This type of localized failure in concrete 
structures causes rapid progressive collapse or global structure collapse without 
significant warning [121, 122] (as shown in Figure 5.32 b). 
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(a) (b) 
  
(c) (d) 
Figure 5.31: RC Flat Slab with more clear height provide more storeys against restricted 
height (a) 3D view for the building with RC Beam-Slab, (b) 3D view for 
the building with RC Flat Slab, (c) Front elevation of the building with RC 
Beam-Slab and (d) Front elevation of the building with RC Flat Slab 
  
(a) [1, 2] (b) [122] 
Figure 5.32: (a) Formation of Punching cone and (b) Failure of Wolverhampton Car 
Park Flat Slab  
5.3.1 Current Design codes and Alternative Method for RC Flat Slab 
A realistic description of the load transfer mechanism forming within a RC structural 
element approaching its ultimate limit state (ULS) is widely considered to be provided 
by the “truss” models (as discussed in the Chapter 3), which form the basis for the 
empirical formulae adopted by the available design codes for predicting punching 
capacity [1, 2]. The truss model has formed the backbone of RC design since it was first 
introduced at the beginning of the 20th century. The relevant design guidelines i.e. EC2 
and ACI [1, 2] are based on the empirical formulae (discussed in the Chapter 3) which 
adopt physical models (for describing the mechanics underlying the subject failure 
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mode) which from an extension to those adopted for assessing the shear strength of RC 
beam-like elements, i.e. truss analogy [1, 2]. It should also be pointed out that the 
introduction of such models in design does not appear to have led to an insight into the 
mechanism of load transfer. The predictions of shear strength obtained from the 
available design guidelines reveal significant differences when compared to their 
experimentally established counterparts. The lack of understanding of the mechanics 
underlying the subject mode of failure and the empirical assumptions adopted by the 
available design codes (e.g. EC2 and ACI), have resulted in a number of failures in 
recent years [121] which have caused serious concerns regarding the validity of the 
current RC design methods used for designing such structural elements. This is 
considered to be a key reason for the structural failures (for example, the collapse of the 
Wolverhampton car park, [122, 123] (as shown in Figure 5.32(c-f)). It also raises 
questions concerning the validity of the underlying theory, on which the current 
guidelines are based. 
To study the subject failure mode (or mechanism) in detail, many experimental studies 
have been conducted mainly on isolated RC slab specimens subjected to a concentrated 
load. A number of state-of-the-art reports [1, 2] have been prepared to date discussing 
the different design theories proposed and their underlying physical models based on 
critical parameters [1, 2].These critical parameters considered are (a) the flexural 
reinforcement ratio (ρl ); (b) the yield strength of reinforcement (fyl); (c) the concrete 
compressive strength (fc); (d) the dimension of columns (c); (e) the effective depth 
(thickness) of slab (d) and (f) the shear span-to-depth ratio av/d. 
The relevant design recommendation included in ACI 318 [2], which is based on Moe’s 
work [124]. Moreover, ACI 318 does not account for the effect of the flexural steel ratio 
(ρl ); when predicting the punching strength of an RC flat slab-column connection 
through the use of Eq. (5.3) for the case of an RC flat slab without transverse 
reinforcement. 
Vrc = 1/3 ∗ u2 ∗ d ∗ √fc′       Eq. (5.3) 
where 𝒖𝟐 is the critical perimeter around the column as shown in Figure 5.33 but, by 
𝒅/𝟐 around the column and calculated as 𝒖𝟐 = 𝟒(𝒄 + 𝒅). 
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EC2 [1] is shown in Figure 5.33 and expressed by Eq. (5.4) for RC flat slab without 
transverse reinforcement. 
Vrc = 0.18 ∗ u1 ∗ d ∗ (1 + √200/d) ∗ √100 ∗ fc′ ∗ ρ
3
    Eq. (5.4) 
where 𝝆 the flexural reinforcement ratio is expressed by 𝜌 = √𝜌𝑥𝜌𝑦 , and 𝜌𝑥  , 𝜌𝑦 are 
the flexural reinforcement ratio in the two orthogonal directions of RC flat slab. 
 
(a) (b) 
Figure 5.33: Effective perimeter for RC Flat slab (a) ACI and (b) EC2 [1, 2] 
The basis of EC2 and ACI-318 and EC-2 [1, 2] for designing against punching of slab-
column connections, is identical to the shear design philosophy (i.e., Truss Analogy of 
beam-like RC elements discussed in chapter 3) with certain necessary alterations which 
account for the geometry of the flat slab. Also, both codes account for the increase of 
shear resistance due to in-plane stress by providing a different value for this parameter. 
However, the results provided by these design codes are characterised by significant 
differences compared to their experimentally established counterparts. One of the main 
reasons associated with these differences is the empirical nature of the analytical 
formulae employed by the available codes. Nevertheless, these design codes are used by 
the industry for assessing the punching resistance of RC flat slab-column connections at 
ultimate limit state (ULS) due to the fact that they can be easily and quickly employed.  
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Figure 5.34: Punching failure of RC flat slab with respect to CFP [125, 126] 
Unlike the TA method, which forms the basis of RC design codes, the CFP method 
[125, 126] assumes that an RC simply supported beam at its ULS behaves essentially as 
an arch-like frame structure (as discussed in Chapter 3 in detail and Figure 5.34). 
However, the effective area around of the RC flat slab around the column can be 
calculated from the following equations: 
wII,2 =wc +2λd         Eq. (5.5) 
Where λ = (2-100ρfy/500) (1+0.01(fc-60))    Eq. (5.6) 
5.3.2 Experimental background 
To date, a large number of experiments have been conducted on flat RC slab, in order to 
find their punching strength. In these studies, the effect of a wide range of parameters 
(associated with material properties, the amount and arrangement of the available 
reinforcement, the location at which the load is applied along the span) on the behaviour 
of the RC specimens have been assessed. During testing, the emphasis is focused on 
recording certain aspects of the exhibited behaviour such as the displacement of certain 
points along the element span as well as the strain values developing at specific 
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locations (i.e., the compressive region or on the steel longitudinal and transverse 
reinforcement bars). 
 
Figure 5.35: Experimental setup for RC Flat Slab  
Table 5.11: Statistical information concerning the test data included in the database for 
RC Flat Slab 
  Min Max Diff Avg. St. Dev COV 
c (mm) 54 600 546 206.34 87 0.42 
d (mm) 64 275 211 122.32 44.82 0.37 
αv/d 0 4.5 14.02 9.52 7.81 2.4 0.31 
ρl (%) 0.3 6.9 6.6 1.31 0.89 0.68 
fyl (MPa) 294 749 455 496.88 117.68 0.24 
fc (MPa) 9.52 118.7 109.18 41.3 24.85 0.6 
Mf kN-mm 39000 1951000 1912000 252655 292121 1.16 
Vu (kN) 105 2450 2345 458.7 436.88 0.95 
 In addition, the deformation and cracking patterns forming along the span of RC slab 
and around the column, as well as the mode of failure ultimately exhibited are also 
recorded as they provide important information concerning the distribution of the 
internal stress state developing within the member. The test data recorded and the 
different (design) parameters (i.e., c, d, av/d, ρl, fyl, fc) considered have been used to form 
extensive databases describing the effect of the above parameters on the exhibited 
behaviour exhibited mainly at ULS [1, 2]. Table 5.11 provided the statistical 
information concerning the subject database. The database consists of 145 samples, out 
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of this 99 % (i.e., 143) samples exhibited the shear mode of failure and the rest 1% (i.e., 
2) samples exhibited a flexural mode of failure, as mentioned in the Appendix C3. 
 
Figure 5.36: Graphical representation of correlation r expressing the effect between 
parameters considered for RC Flat Slab 
5.3.3 Sensitivity analysis  
Figure 5.36 provided the correlation values of the essential critical parameters (i.e., c, d, 
av/d, ρl, fyl, fc) for the consider cases (i.e., SCS). Based on these values different 
combinations of input parameters are selected from the ANN models for RC flat slab as 
described in Table 5.12. Higher values of |r| result in a more pronounced effect, as 
discussed in the Chapter 2 section 2.10.2.  
5.3.4 Development of ANN models  
The development and training of the ANN models for predicting the load-carrying 
capacity of RC Flat Slab against punching failure is based on the same procedures and 
guidelines used for the previous cases considered earlier in this as mentioned in the 
Chapter 2. A total of 7 different ANN models having a different number of input 
parameters are developed for the RC Flat Slab based on the Figure 5.36. The selection 
of these combinations is based on the available physical models developed to date for 
describing the mechanics underlying RC structural response at the ULS. Table 5.12 
presented the statistical information concerning the level of correlation achieved 
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between the predicted values of load-bearing capacity obtained from the ANN models 
and their experimentally established counterparts.  
Table 5.12: Architecture of ANN Models for Slab 
Sr. No Model Parameters  Input AF L1-2 AF L3-4 Hidden 
1 SCS-1 c,d,av/d,ρl,fyl,fc 6 Sigmoid tanghn 12-12 
2 SCS-2 c,d,av/d,Mf,fc 5 Sigmoid tanghn 10-10 
3 SCS-3 c/d,av/d,Mf/fcbd
2 3 Sigmoid tanghn 6-6 
4 SCS-4 c/d,av/d,ρl,fc/fyl 4 Sigmoid tanghn 8-8 
5 SCS-5 d,av/d,Mf/bd
2,fc 4 Sigmoid tanghn 8-8 
6 SCS-6 d,c/d,av/d,Mf/fcbd
2 4 Sigmoid tanghn 8-8 
 SCS-7 d,c/d,av/d,Mf/fcbd
2,fc 5 Sigmoid tanghn 10-10 
 
Figure 5.37: Predictions obtained from different ANN models for the case of RC Flat 
Slab 
Table 5.12 presented statistical information concerning the level of correlation achieved 
between the predicted values of load-bearing capacity obtained from the ANN models 
and their experimentally established counterparts. Figures 5.37 & 5.38 show the same 
statistical information via graphical means. The most efficient/optimal ANN model, 
capable of providing the most accurate predictions, is usually assumed to be the ANN 
characterised by the highest value of R and lowest values of MSE and MAE. Figure 5.45 
provided the values of the three error functions presently considered by the different 
ANN models developed for RC flat slab. On the basis of Figures 5.37 & 5.38 it is 
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observed the SCS-4 exhibited the highest value of R [84, 91] in combination with the 
smallest values of MSE and MAE [90]while at the same time employing the smallest 
number of parameters (i.e., SCS-4 c/d,av/d,ρpl,fc/fy). ANNs exhibiting a higher value of 
R and lower values of MSE and MAE are considered to be the most optimal.  
 
Figure 5.38: Performance exhibited by ANN models for the case of RC Flat Slab 
5.3.5 Comparative Studies of Flat Slab 
A comparative study between the predicted values of shear capacity obtained from the 
ANN, CFP method [125, 126], the design codes (i.e. EC2 and ACI as mentioned above) 
[1, 2] and their experimentally established counterparts (obtained from the databases) is 
presented in Figure 5.39 for the case of RC flat Slab.  
Table 5.13: Shear Strength Experimental and Predicated values for RC Flat Slab 
    Min Max Mean St. Dev CV 
VEXP (kN) 105 2450 458.70 436.882 0.95 
VANN (kN) 103 2428 457.22 426.19 0.93 
VCFP (kN) 105.6 2185.3 474.89 399.18 0.84 
VACI (kN) 72.28 1840.7 377.99 337.85 0.89 
VEC2 (kN) 85.86 1551.78 347.86 272.40 0.78 
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Figure 5.39: Comparison between the predictions obtained from the various assessment 
methods employed and the ANN with their experimental counterparts for 
the case of RC Flat Slab 
Table 5.14: Shear Strength Ratio of VEXP/VPRED for RC Flat Slab 
Ratio Min Max Avg St. Dev COV 
VEXP/VANN 0.37 1.81 0.99 0.13 0.13 
VEXP/VCFP 0.35 2.24 1.02 0.38 0.37 
VEXP/VACI 0.52 2.41 1.26 0.32 0.25 
VEXP/VEC2 0.72 1.95 1.26 0.22 0.17 
The comparative study reveals that the predictions obtained from the ANN correlate the 
closest to the experimental data as described in Figure 5.39 in spite their development 
being based on heuristic approaches which do not strictly adhere to the principles of 
theoretical mechanics. From the Figures 5.39 and 5.40, both the ANN and the CFP 
method appear to be capable of providing predictions at least comparable to their 
counterparts established experimentally and through the use of the design codes. 
Furthermore, it is worth mentioning that in spite being based on assumptions 
incompatible with the physical models adopted by the codes, the CFP method is capable 
of providing predictions of shear capacity closer to the test data compared to those of 
the codes. The same applies, in the case of the ANNs which although are based on 
heuristic approaches which do not strictly adhere to the principles of theoretical 
mechanics, they appear to be capable of providing predictions which provide a closer fit 
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to the available test data compared to the predictions of the available design codes. All 
the ratio of VEXP/VPRED are described in Table 5.14.  
 
Figure 5.40: Curves describing the Normal Distribution of VEXP/VPRED for the case of 
RC Flat Slab based on the predictions obtained from the various 
assessment methods employed and the use of ANNs  
Figures 5.40 presented the normal (Gaussian) distribution of the ratios expressing the 
experimentally established load bearing capacity (VEXP) normalised by its predicted 
counterpart (VPRED) provided by the current RC design codes, the CFP method and the 
ANN. The predictions obtained from the ANN (expressed as VEXP/VANN) exhibit the best 
Gaussian distribution characterised by the lowest standard deviation (S. DEV) and a 
mean value of 1 (VEXP=VANN). The predictions obtained from the CFP method 
(VEXP/VCFP) are the closest to those obtained by the ANN (VEXP/VANN) compared to the 
predictions of the design codes, for RC flat slab. After that, the Gaussian distribution 
curves associated with the predictions of the RC design codes (i.e., EC2 and ACI) have 
a peak value smaller than 1.0. Also, these two curves have a wide curve which 
represented the scatter of the above-mentioned ratios. 
Figures 5.41 revealed how much the various methods employed in this study 
overestimate or underestimate the load bearing capacity (expressed as VEXP/VPRED) in 
relation to their experimentally established counterparts. It is observed that ACI and 
EC2, often underestimate load-bearing capacity, as the number of samples related to 
them are less than those associated with ANN and CFP when 0.75 < VExp/VPred < 1.25 
(denoting good agreement between VEXP and VPRED). However, for the number of 
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samples associated with the code predictions for 1.26 < VEXP/VPRED < 2 and 2.01 
<VEXP/VPRED < 4.00 (denoting the predicted values significantly underestimate the test 
data) is significantly larger than the number of associated with the ANN and CFP 
predictions. 
 
Figure 5.41: Distribution VEXP/VPRED for the case of RC Flat Slab based on the 
predictions obtained from the various assessment methods employed and 
the use of ANNs 
5.3.6 Parametric Studies of Flat Slab 
In this section, the available design codes (ACI and EC2,) [1, 2], the CFP method [34] 
and the ANNs are employed to assess the effect of certain critical design parameters on 
the behaviour of RC beams at ULS. The ratio of VEXP/VPRED is plotted against the 
critical design parameters of the RC beams considered. These parameters include the 
effective depth, d the shear-span-to-depth ratio av/d, the concrete compressive strength, 
fc and the longitudinal reinforcement ratio, ρl (%). Table 5.14 presented the statistical 
information concerning the level of agreement achieved between the predicted values 
and their experimental counterparts. The predictions of the ANNs correlate the closest 
to the test data which confirms the ability of the subject model to be used as an 
assessment tool. It is also interesting to note that the predictions of the CFP method 
[125, 126] are closer to the available test data than the predictions of the available 
design codes [1, 2]. 
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Effective depth against Ratios: The effect of d on VEXP/VPRED is presented in Figure 
5.42 for the case of RC flat slab. As expected from the comparative study section, the 
predictions of the ANN (VANN) are in good agreement with their experimentally 
established counterparts. The predictions of the CFP method (VCFP) are closer to their 
experimentally established counterparts compared to the predictions of the available RC 
design codes. In some cases, the CFP method appears to over-estimate the strength of 
the specimens, especially when considering slab with 200 mm < d < 300 mm. The 
scatter associated with the rest of the RC design codes (VEXP/VACI and VEXP/VEC2) are 
similar (although much higher than the CFP) for the case of both parameters considered 
herein.  
 
Figure 5.42: Variation of VEXP/VPRED Ratio against Depth, d (mm) for RC Flat Slab 
Shear span to depth Ratio (av/d): The effect of av/d on VEXP/VPRED is presented in 
Figure 5.43 for the case of RC flat slab. As expected from the comparative study 
section, the predictions of the ANN (VANN) are in good agreement with their 
experimentally established counterparts. The predictions of the CFP method (VCFP) are 
closer to their experimentally established counterparts compared to the predictions of 
the available RC design codes. In some cases, the CFP method appears to over-estimate 
the strength of the specimens, especially when considering slab with 5 < av/d < 10. The 
scatter associated with the rest of the RC design codes (VEXP/VACI and VEXP/VEC2) are 
similar (although much higher than the CFP) for the case of both parameters considered 
herein.  
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Figure 5.43: Variation of VEXP/VPRED Ratio against av/d (Ratio) for RC Flat Slab 
 
Figure 5.44: Variation of VEXP/VPRED Ratio against Compressive Strength fc for RC Flat 
Slab 
Compressive Strength (fc): The effect of fc on VEXP/VPRED is presented in Figure 5.44 for 
RC slab flat. VEXP/VANN is consistently closer to 1 than the rest of the methods. In some 
cases, VEXP/VANN > 1 for fc < 60 MPa. The scatter of VEXP/VCFP values is minimum when 
fc > 60 MPa. The CFP appears to overestimate load-carrying capacity for fc < 60 MPa. 
The scatter for VEXP/VACI and VEXP/VEC2, are nearly same similar but much higher than 
that characterising the predictions of the CFP and the ANN.  
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Figure 5.45: Variation of VEXP/VPRED Ratio against Longitudinal Ratio ρl (%) for RC 
Flat Slab 
Longitudinal steel ratio ρl (%): Figure 5.45 described the variation of VEXP/VPRED with 
the longitudinal reinforcement ratio ρl (%) for RC flat slab. Once again, the predictions 
of the ANN (VANN) provide the best fit to the available experimental data. The values of 
VEXP/VCFP exhibit less scatter in comparison to their counterparts obtained from the 
various RC design codes, especially for 1 < ρl < 2.5%. The scatter for VEXP/VACI and 
VEXP/VEC2, is similar both parameters considered. 
Table 5.15: Summary of Case Studies for RC Beams for RC Flat Slab 
References  Name d c av/d fc fy ρl  
  
(mm) (mm) 
 
(MPa) (MPa) (%) 
M.D Kotsovos (2014) [34] S1 200 250 6 24.2 657 0.08 
M.D Kotsovos (2014) [34] S3 200 250 6 24.2 668 0.34 
A.P Caldentey (2013) [127] C1 250 450 5.6 33.9 557 1.07 
5.3.7 Validation of ANN through NLFEA of Flat Slab 
The validation of ANN optimised models is also achieved through the use of a well as 
an established commercial package (i.e., ABAQUS [8]) as discussed in Chapter 3 
section 3.5. 
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Figure 5.46: Comparison between the predictions obtained from the various assessment 
methods employed, ANN, CFP and the ABAQUS with their experimental 
counterparts for the case of RC Flat Slab 
Table 5.15 summarised the main design parameters are characterising the specimens 
employed in 3 case studies selected from RC flat slab. Figure 5.46 described the 
comparison of the shear strength values at ULS from all physical models employed in 
these study, i.e., RC design codes, CFP, ANN and ABAQUS. The ABAQUS models [8] 
are in close agreement to their experimentally established to the experimental values 
and the ANN predictions. 
Figures 5.47(a-c) provided an indication of the stress conditions and damage 
characterising the specimens of RC Flat Slab, i.e., S1 and S3 [34] and C1 [127] at ULS. 
Figure 5.47(a) shown that the ABAQUS load-deflection curve is in good agreement 
with the experimental results. It is also interesting to note in Figure 5.47(b) that the flow 
of the principal stress, i.e., S33 developing along the length of the specimen, correlated 
very closely with the arch-like frame of the CFP physical model shown in Figures 3.2 
and 3.3 in the Chapter 3. Such a close correlation may be seen as an indication of the 
ability of the model to provide a realistic description of the physical state of RC beam 
elements at their ULS.  
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(a) 
   
(b) 
   
 (c)  
    (d) 
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Figure 5.47: Comparison of Experimental and ABAQUS (a) Load Deflection Curve, (b) 
S33 Stress along the length and (c) Damage Stage for RC Flat Slab (d) 
Values for Stress and Strain 
As regards the predicted damage, it is also interesting to note in Figure 5.47(c) 
described the plastic strain magnitude (i.e. PEMAG) along the length of the member, 
which included loss of bond in the 'critical lengths' which leads to stress redistributions 
and damage of concrete in the compressive zone as predicted by the failure criteria 
incorporated in the CFP physical model. Therefore, all these comparative investigations 
highlighted that the obtained numerical predictions verify the fact that the mechanics 
underlying the behaviour of the RC Flat Slab specimens investigated are in agreement 
with the assumptions of the physical model adopted by the CFP method. 
5.4 Conclusion 
This chapter described the application of ANNs or more complex RC members 
compared to those considered in Chapter 4. The objectives of the work described herein 
are to compare the predictions concerning load-bearing capacity and mode of failure 
established: (i) experimentally, (ii) through the use of the CFP method and the available 
design codes, (iii) by employing ANNs and (iv) the numerical investigation by using of 
NLFEA.  
The main conclusions derived from this comparative study are: 
• ANN models can effectively be used to predict the load carrying capacity of RC 
T-beams as well as the punching shear strength and a critical section length of 
RC flat Slab. It should be noted that once the ANNs are trained, they can 
provide an accurate prediction concerning load-carrying capacity quickly 
(without requiring significant computation resources) and accurately (providing 
predictions in agreement to the available test data). This indicates the potential 
of ANN for solving time consuming problems. However, as mentioned above 
the predictions of these ANN models will be the limits respective to the 
databases on which they trained.  
• Furthermore, the development of the ANN models is based on the direct and 
objective analysis of the available test data. No assumptions concerning material 
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behaviour and the mechanics underlying RC structural response at ULS is 
required (as is the case when developing the physical models adopted by the 
codes or numerical models used to conduct nonlinear finite element analysis 
both). 
• The comparative study conducted between the predictions concerning the 
punching shear failure load values obtained from the ANN is in agreement to 
EC-2 and more accurate compared to those obtained from the ACI Code.  
• The numerical predictions obtained from ABAQUS (i.e., NLFEA) from a small 
number of case studies reveals good agreement with their experimentally 
established counterparts and the predictions provided by the ANN. Furthermore, 
the numerical predictions obtained appear to support the fact that the mechanics 
underlying the behaviour of the RC T-beams and RC Flat Slab specimens 
investigated are in agreement with the physical model adopted by the CFP 
method. 
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CHAPTER 6: ENRICHMENT OF EXPERIMENTAL 
DATABASE FOR ANN MODELS 
6.1 Introduction 
The test data included in the existing experimental databases is usually obtained from 
tests carried out on scaled specimens. As a result, the full range of values that the design 
parameters can potentially take in practice may not be fully represented by the number 
of samples included in the database. Therefore, for each parameter there are some 
regions within the database that contain an insufficient number of samples (i.e., for 
describing the effect of the variation of the value of the subject parameter on the load-
carrying of the relevant specimen). Furthermore, the values included in the databases 
may not be representative of their counterparts adopted for full-scale RC members. As a 
consequence, the applicability of the ANNs developed on the basis of the available test 
data can be limited. Therefore, it is often necessary to enrich the existing purely 
experimental databases so that the full range of values of the design parameters are 
considered allowing for the development of ANN capable of providing accurate 
predictions for a wider range of cases. The enrichment process can be achieved by 
introducing more samples into the available experimental databases by: (a) conducting 
additional new experimental studies, (b) employing Artificial Generating Techniques 
(i.e., a form of interpolation method), (c) using the available assessment methods and 
their underlying physical models and (d) carrying out detailed parametric numerical 
studies through the use of NLFEA. However, it is important to mention that these 
methods are characterised by advantages and disadvantages with respect to the cost, 
computational resources required, their objectivity and generality as well as the 
accuracy of the predictions obtained.  
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The enrichment process is presently implemented for the case of RC beams with and 
without transverse reinforcement (BWOS and BWS) and RC columns (CWA). The 
extended (enriched) databases are used to develop ANNs capable of realistically 
predicting the load-carrying capacity and the mode of failure exhibited by the subject 
structural members when approaching ULS. Furthermore, NLFEA is also employed, in 
combination with the available test data, to validate the predictions of the extended 
ANNs. The comparative study reveals that through the use of the extended database the 
ANNs are capable of effectively predicting certain aspects of RC structural response 
accurately, quickly and without requiring high computational resources for a wider 
range of problems compared to the ANNs developed purely on the basis of the 
experimental databases. Finally, the limitations of the existing experimental databases 
and their impact on the generality of the predictions obtained from the ANNs are 
discussed in detail. It is demonstrated that the ANNs developed based on the enriched 
databases are capable of providing a prediction of the behaviour for a wider range of RC 
structural members characterised by design parameters which are either not well 
represented or not included in the initial experimental database. The ANN models 
trained based on the enriched databases are used for assessing the complex RC 
structures in the Chapter 7. 
6.2 Available experimental databases and their limitations 
To date, a large number of experimental studies have been carried out investigating the 
behaviour exhibited by a large number of RC structural configurations (specimens) 
when subjected to a wide range of actions. The test data obtained provide insight into 
the mechanics underlying RC structural behaviour allowing for the development of the 
physical models that form the basis for the development of the various RC design codes 
and assessment methods. When assessing the shear strength of RC members, 
researchers employ different empirical equations calibrated based on the available test 
data (as mentioned in the Appendices I to III). As discussed in Chapter 4, a number of 
databases have been developed based on the available published data gathered from a 
series of tests carried out since the 1960s on simply supported RC beams (with and 
without stirrups) and cantilever RC Columns. The analysis of the available test data 
reveals regions in the databases which are poorly populated as the full range of the 
values that can be attributed to the design parameters is not fully considered. Figures 6.1 
and 6.2 described the results obtained from the analysis of the test data included in 
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database DB-I (for the case of RC beams without stirrups), Figures 6.3, 6.4 and 6.5 
show the results obtained from the analysis of the data included in database DB-II (for 
the case of RC beams with stirrups) and Figures 6.6, 6.7 and 6.8 described the results 
obtained from the analysis of the data included in database DB-III (for the case of RC 
columns). 
It is clearly observed that certain regions of the databases considered include an 
insufficient number of samples to account for the full range of values that can be 
allocated to the design parameters considered. It is observed that the subject databases 
are well-populated in certain areas (associated with specific ranges of values of the 
design parameters considered) and poorly (scarcely) populated in other regions. Figure 
6.1 show the number of tests carried out to date on specimens with certain design 
parameters (i.e., b, d and av/d) associated with a certain range of values for database 
DB-I. For 50 mm < b < 200 mm database DB-I includes 550 samples out of a total 619 
samples, and therefore this region of the database can be considered as a strong 
(densely-populated) range.  
 
Figure 6.1: Distribution of samples within database DB-I for different values of cross 
sectional parameters associated with the width, depth and shear span to 
depth ratio of the beam specimens 
However, samples included in DB-I associated with the following range of values for 
the parameters considered (i) 200 mm < b < 510 mm, (ii) 65 mm < d < 200 mm and 401 
mm < d < 485 mm and (iii) for 0.98 < av/d  < 2.5 and 5.01 < av/d  < 10 have 
significantly less number of samples as compared to other regions of the database. 
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Similar observations are made for database DB-I in Figure 6.2 for the case of design 
parameters associated with the variation of parameters associated with the material 
properties (i.e., fc, fyl and ρl). The following range of values for the parameters 
considered (i) 10 < fc < 20 MPa and 40.1 < fc < 100 MPa, (ii) for 250 < fyl < 300 MPa 
and 501 < fyl, < 700 MPa and (iii) for ρl, the ranges from 0.81 < ρl, < 1.0 (%) and from 
3.01 < ρl < 5.0 (%) the database includes a significantly less number of relevant samples 
compared to other ranges. All these weak ranges are identified in database DB-I by the 
red box in Figures 6.1 and 6.2. 
 
Figure 6.2: Distribution of samples within database DB-I for different values of material 
parameters associated with the compressive strength, longitudinal strength 
of the steel and the longitudinal steel ratio of the beam specimens 
When considering database DB-II, it is again clearly observed that certain regions of the 
subject database include an insufficient number of samples to account for the full range 
of values that can be allocated to the design parameters considered. Figure 6.3 shown 
the number of tests carried out to date on specimens with certain design parameters (i.e., 
b, d and av/d) associated with a certain range of values for database DB-II. For 100 mm 
< b < 200 mm database DB-II includes 110 samples out of a total 315 samples and 
therefore this region of the database can be considered as a strong (densely-populated) 
range. However, samples included in DB-II associated with the following range of 
values for the parameters considered (i) 113 mm < d < 300 mm, (ii) for 4.01 < av/d  < 6 
have significantly less number of samples as compared to other regions of the database.  
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Figure 6.3: Distribution of samples within database DB-II for different values of cross 
sectional parameters associated with the width, depth and shear span to 
depth ratio of the beam specimens 
 
Figure 6.4: Distribution of samples within database DB-II for different values of 
material parameters associated with the compressive strength, longitudinal 
strength and the transverse strength of steel of the beam specimens 
Similar observations are made for database DB-II in Figure 6.4 for the case of design 
parameters associated with the variation of parameters associated with the material 
properties (i.e., fc, fyl and fyw). The following range of values for the parameters 
considered (i) 60 < fc < 100 MPa, (ii) for 500 < fyl < 550 MPa and (iii) for 224 < fyw < 
300 MPa and 401 < fyw < 500 MPa have significantly less number of samples as 
compared to other regions of the database. Similar observations are made for database 
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DB-II in Figure 6.5 for the case of design parameters associated with the variation of 
parameters associated with the steel ratios (i.e., ρl and ρw). The following range of 
values for the parameters considered (i) for 0.81 < ρl < 1.0 (%) and from 4.01 < ρl < 5.0 
(%) and (ii) for 1.01< ρw< 2.5 (%)have significantly less number of samples as 
compared to other regions of the database. All these weak ranges are identified in 
database DB-II by the red box in Figures 6.3 and 6.5. 
 
Figure 6.5: Distribution of samples within database DB-II for different values of design 
parameters associated with the arrangement of the longitudinal and 
transverse reinforcement bars introduced in the beam specimens 
When considering database DB-III it is again clearly observed that certain regions of the 
subject database include an insufficient number of samples to account for the full range 
of values that can be allocated to the design parameters considered. Figure 6.6 shows 
the number of tests carried out to date on specimens with certain design parameters (i.e., 
b, d and av/d) associated with a certain range of values for database DB-III. The 
following range of values for the parameters considered (i) 150 mm < b < 300 mm and 
401 mm < b < 500 mm, (ii) for 180 mm < d < 200 mm and 301 mm < d < 470 mm and 
(iii) for 6.01 < av/d < 9 have significantly less number of samples as compared to other 
regions of the database. Similar observations are made for database DB-III in Figure 6.7 
for the case of design parameters associated with the variation of parameters associated 
with the material properties (i.e., fc, fyl and fyw). The following range of values for the 
parameters considered (i) for 4.01 < fc < 100 MPa, (ii) for 313 < fyl < 400 MPa and 501 
< fyl < 600 MPa and (iii) for 501 < fyw < 600 MPa have significantly less number of 
samples as compared to other regions of the database.  
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Figure 6.6: Distribution of samples within database DB-III for different values of cross 
sectional parameters associated with the width, depth and shear span to 
depth ratio of the beam specimens 
 
Figure 6.7: Distribution of samples within database DB-III for different values of 
material parameters associated with the compressive strength, longitudinal 
strength and the transverse strength of steel of the beam specimens 
Similar observations are made for database DB-III in Figure 6.8 for the case of design 
parameters associated with the variation of parameters associated with the steel ratios 
and axial load (i.e., ρl, ρw and N). The following range of values for the parameters 
considered (i) for 0.87 < ρl < 2.0 (%) and from 4.01 < ρl < 4.5 (%), (ii) for 1.01< ρw< 2.0 
(%) and(iii) for 2001 < N < 3800 kN have significantly less number of samples as 
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compared to other regions of the database. All these weak ranges are identified in 
database DB-III by the red box in Figures 6.6 and 6.8. 
 
Figure 6.8: Distribution of samples within database DB-III for different values of design 
parameters associated with the arrangement of the longitudinal and 
transverse steel ratio and axial force introduced in the beam specimens 
ANNs developed on the basis of the purely experimental databases that include scarcely 
populated regions (weak ranges) are likely to provide predictions that are characterised 
by significant errors. A simple solution to this problem would be to discard the weak 
ranges of the databases however this would result in the loss of many important case 
studies making the databases account for a narrower range of values of the design 
parameters considered. The ANNs resulting from these databases would be 
characterised by significantly less generality and can be used to predict the behaviour of 
specimens with values of design parameters associated with the strong regions. This 
observation is applicable for all parameters, which have a weak range in the 
experimental database. Another way of solving this problem would be to enrich the 
existing databases with information obtained from new experimental investigations on 
specimens characterised by design parameters with values associated with the weak 
ranges of the experimental databases. However, conducting such a large number of 
experimental investigations is impractical as it will require significant financial 
resources and time. Therefore, a more practical and more effective solution is required 
for this problem. 
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6.2.1 Solution for Limitation of Experimental Method 
In order to enrich the purely experimental database and address their limitations 
additional data can be generated through the use of artificial simulation methods such as 
Monte-Carlo simulation [128, 129] and Latin hypercube sampling (LHS) method [130, 
131]. By using LHS, the same number of samples are generated against the same range 
of each parameter, as their counterpart experimental database has exhibited in 
mentioned in the Appendixes (BI to B3). By comparing the experimental and LHS 
databases, required number of samples are highlighted, in order to populate the poorly 
regions mentioned earlier (associated with each parameter considered). This process 
allows the existing experimental databases to be enriched and have uniform number of 
samples in all regions. This resulting new enriched experimental databases (HEXP) are 
utilized for the training of new ANN models for predicting the RC structural response at 
the ULS. 
6.3 Database developed through Artificial Techniques 
As mentioned in the above section, among the different artificial randomization 
techniques for the data sampling, the two most techniques are Monte Carlo Simulation 
(MCS) and Latin Hypercube Sampling (LHS). However, LHS method is more 
appealing because it allows one to obtain a stable output with a much smaller number of 
samples than MCS [129].  
6.3.1 Latin Hypercube Sampling (LHS) 
The Latin Hypercube Sampling (LHS) method is a type of stratified (i.e., remembers the 
previous randomized value and generates a new one at a different position) sampling 
process. It works by controlling the way that random samples are generated based on a 
unique probability distribution. Probability distributions can be described by a 
cumulative curve, as shown in Figure 6.9.  
The vertical axis represents the probability that the variable will have below the 
horizontal axis value. For the purpose of the present study, 5 samples are obtained from 
the distribution and the vertical scale divide into 5 equal probability ranges: 0-20%, 20-
40%, 40-60%, 60-80% and 80-100%. If one random sample within each range is taken 
and used to calculate the variable value that has this cumulative probability, then the 5 
samples can be created through the LHS method (as shown in Figure 6.9). If a model 
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contains just one variable, the distribution can be stratified into the same number of 
partitions as there are samples: 1000 samples result in 1000 stratifications with 1 sample 
associated with 0.1% of the cumulative probability range.  
  
(a) (b) 
Figure 6.9: (a) Cumulative Curve for LHS and (b) Unique value in each grid through 
LHS sampling 
The technique being used during Latin Hypercube sampling is "sampling without 
repetition"[132]. The number of stratifications of the cumulative distribution is equal to 
the number of iterations performed as shown in the Figure 6.9 (a and b). In the example 
above there are 5 iterations and thus 5 stratifications were made to the cumulative 
distribution. A sample is taken from each stratification. However, once a sample is 
taken from a stratification, this stratification is not sampled from again as its value is 
already represented in the sampled set. Through randomization models do not have just 
one distribution, they have many values in different regions in the assigned limits. LHS 
controls the sampling of each distribution separately to provide even coverage for each 
distribution individually but does not control the sampling of combinations of 
distributions. To explain this property in a simpler way, considered the Figure 6.9(b), 
through LHS, each column and row have only one values and without any repetition. 
This means that the extra precision offered by LHS over standard Monte Carlo sampling 
rapidly becomes imperceptible as the number of distributions increases [130, 131]. 
6.3.2 Enrichment of the purely Experimental Database through LHS 
The problem discussed in the previous section, concerning the poorly populated regions 
of the experimental database is presently considered. To find the required number of 
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samples associated with each parameter considered in the databases (as discussed in 
Appendixes B1 to B3) and presented on Figures 6.1 to 6.8) the LHS is used to generate 
a well-populated number of samples in each range of considered parameters. Figures 
6.10 and 6.11 described the comparison of the number of samples included in different 
regions of the (existing) experimental database with its counterpart formed through the 
use of the LHS method for the case of beams without stirrups (BWOS) when 
considering different design parameters.  
 
Figure 6.10: Number of samples of the experimental database DB-I and its counterpart 
developed through LHS when considering design parameters associated 
with the geometry of specimen 
The same is done in Figures 6.12 to 6.14 for the case of beams with stirrups (BWS) as 
well as shown in Figures 6.15 to 6.17 for the case of RC Columns (CWA). Figures 6.10 
to 6.17 not only highlighted the weak and strong ranges for the design parameters 
associated with the experimental databases but also identify the required number of 
samples required for each design parameter considered by experimental databases (i.e., 
BWOS, BWS and CWA) based on the LHS database.  
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Figure 6.11: Number of samples of the experimental database DB-I and its counterpart 
developed through LHS when considering design parameters associated 
with material properties and longitudinal reinforcement. 
 
 
Figure 6.12: Number of samples of the experimental database DB-II and its counterpart 
developed through LHS when considering design parameters associated 
with the geometry of specimens 
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Figure 6.13: Number of samples of the experimental database DB-II and its counterpart 
developed through LHS when considering design parameters associated 
with material properties. 
 
 
Figure 6.14: Number of samples of experimental database DB-II and its counterpart 
developed through LHS when considering design parameters associated 
with the configurations of the longitudinal and transverse reinforcement 
introduced into the specimens 
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Figure 6.15: Number of samples of the experimental database DB-III and its 
counterparts developed through LHS when considering design parameters 
associated with the geometry of specimens 
 
 
Figure 6.16: Number of samples of the experimental database DB-III and its 
counterparts developed through LHS when considering design parameters 
associated with material properties. 
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Figure 6.17: Number of samples of experimental database DB-III and its counterpart 
developed through LHS of design parameters associated with the 
configuration of the longitudinal and transverse reinforcement as well as 
the level of axial loading applied onto the specimen 
6.3.3 Problem associated with LHS sampling for combined parameters 
Although the LHS method is a practical method for producing samples capable of 
forming a well (homogeneously) populated dataset, it cannot be directly employed when 
considering a combination of design parameters. In spite the above problems the LHS 
method is capable of providing useful information concerning the number of samples 
required for enriching the experimental database. Therefore, in this work, LHS is used 
only for individual parameters separately to highlights the poorly populated regions of 
the database (in relation to a specific design parameter) and provide the required 
number of additional samples needed to enrich the database in this region. 
6.4 Database developed through Assessment and NLFEA 
The aim of the work carried out in this chapter is to form an enriched database in which 
the samples included are uniformly distributed. This is achieved by using predictions 
obtained from the available RC design codes or other assessment methods [1-6]. The 
comparative studies presented in Chapter 4, highlighted the differences observed 
between the predictions obtained from the various RC design codes and their 
experimentally established counterparts. It was also observed that the predictions 
obtained from an alternative assessment method (the CFP method) [34] provided a 
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closer fit to the available test data compared to those obtained the other design codes 
considered. Although the nonlinear finite element analysis (NLFEA) is capable of 
realistically predicting the RC structural response, it requires considerable time and 
computational resources in order to develop the relevant models and conduct the 
necessary parametric studies required for enriching the experimental database. In the 
present work, the CFP method is used to generate the additional number of samples 
required for enriching the purely experimental databases. 
In Chapter 4, ANN models were trained (for the case of BWOS, BWS and CWA) based 
on the purely experimental databases. The CFP method is presently used to create 
samples which are used to enrich the poorly-populated regions (as highlighted in the 
above sections 6.2) of the database in order to form a enriched-experimental database 
(HEXP). However, the enrichment is carried out on only for the case of the critical 
parameters identified in Chapter 4. The critical parameters are those which are 
considered to have a significant impact on the load carrying capacity of the specimens 
considered (and therefore on the mechanics underlying their behaviour at ULS). 
Through the use of the HEXP databases new ANN models are developed and trained. 
Comparative studies between the predictions of the old ANN trained models (developed 
on the basis of the purely experimental databases) and those of the new ANN models 
(developed on the basis of the HEXP databases) reveals that the predictions of the latter 
models are closer to their experimentally established counterparts especially when 
considering problems associated with the poorly-populated regions of the purely-
experimental databases. 
Figures 6.18 to 6.19 described that the HEXP database has a sufficient number of 
samples throughout its region for different parameters for the case of BWOS. This 
database is then used to train the ANN model for RC BWOS, as mentioned in the 
(Appendix D1). In a similar manner, CFP database is developed for the poorly region 
for the BWS, and the details are mentioned in (Appendix D2). Figures 6.20 to 6.22 
described that the HEXP has sufficient number of samples throughout the region of 
different parameters for the case of BWS. This HEXP database is then used to train the 
ANN model for RC BWS. In a similar manner, CFP database is developed for the 
poorly region for the CWA, and the details are mentioned in (Appendix D3). Figures 
6.23 to 6.25 described that the HEXP has sufficient number of samples throughout the 
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region of different parameters for the case of CWA. This HEXP database is then used to 
train the ANN model for RC columns. 
 
Figure 6.18: Number of samples of experimental database DB-I and its counterparts 
developed through LHS and the CFP method when considering design 
parameters associated with the geometry of specimens 
 
 
Figure 6.19: Number of samples of experimental database DB-I and its counterpart 
developed through LHS and CFP of design parameters associated with the 
Material Strength and Steel Ratio of specimen 
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Figure 6.20: Number of samples of experimental database DB-II and its counterparts 
developed through LHS and the CFP method when considering design 
parameters associated with the geometry of the specimen 
 
 
Figure 6.21: Number of samples of experimental database DB-II and its counterparts 
developed through LHS and the CFP method when considering design 
parameters associated with the material properties 
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Figure 6.22: Number of samples of the experimental database DB-II and its counterparts 
developed through LHS and the CFP method when considering design 
parameters associated with the arrangement of the available (transverse and 
longitudinal) reinforcement 
 
 
Figure 6.23: Number of samples of the experimental database DB-III and its counterpart 
developed through LHS and the CFP method when considering design 
parameters associated with the geometry of specimen 
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Figure 6.24: Number of samples of the experimental database DB-III and its counterpart 
developed through LHS and the CFP method when considering design 
parameters associated with the material properties 
 
 
Figure 6.25: Number of samples of the experimental database DB-III and its counterpart 
developed through LHS and the CFP method when considering design 
parameters associated with the reinforcement provided and the level of 
axial loading applied onto the specimen. 
6.5 Validation of CFP Prediction through NLFEA 
For the validation purpose of the predictions of the CFP method, a number of case 
studies are investigated numerically via NLFEA (i.e., ABAQUS) [8] from the 3 types of 
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structures considered herein: BWOS, BWS and CWA. The case-studies investigated are 
selected from the poorly-populated regions of the relevant databases. 
6.5.1 ABAQUS case studies for the Database of BWOS 
Table 6.1 provided the design details of the selected case studies considered. The beams 
considered are characterised by different values of d and are included in database DB-I. 
Figure 6.26 described the principal stress, i.e. S33, principal elastic strain, i.e. E33 and 
plastic strain magnitude (i.e., PEMAG) developing along the length of the RC member 
at ULS and Figure 6.27 shows the load-displacement curves describing the overall 
behaviour of the three specimens considered with different values of d up to failure. 
Table 6.1: Design parameters of BWOS specimens considered  
BWOS b d av/d ρl fyl fc 
722 100 200 5.5 2.5 500 50 
723 150 300 5.5 2.5 500 50 
724 200 400 5.5 2.5 500 50 
 
 722 723 724 
(a) 
S33 
   
(b) 
E33 
   
(c) 
PEMAG 
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(d) 
   
Figure 6.26: Predictions obtained from ABAQUS describing the distribution of (a) the 
S33 component of stress (b) E33 component of strain and (c) the damage 
parameter along the length of the three BWOS parameters considered (d) 
Values for S33, E33 and PEMAG 
 
Figure 6.27: Comparison of Load Displacement curves predicted by ABAQUS for the 
three BWOS specimens considered 
Table 6.2: Selected Cases of varying av/d Ratio from CFP Database for BWOS  
BWOS b d av/d ρl fyl fc 
722 100 200 5.5 2.5 500 50 
725 100 200 6.5 2.5 500 50 
726 100 200 7.5 2.5 500 50 
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Table 6.2 provided the detail of the selected case studies having different av/d Ratio for 
the database of BWOS. Figure 6.28 described the principal stress, i.e. S33, principal 
elastic strain, i.e. E33 and plastic strain magnitude (i.e., PEMAG) developing along the 
length of the RC member at ULS and Figure 6.29 described the load-displacement curve 
of these three cases against av/d Ratio for BWOS. 
 722 725 726 
(a) 
S33 
   
(b) 
E33 
   
(c) 
PEMAG 
   
(d) 
   
Figure 6.28: Comparison of ABAQUS cases (a) S33 Stress along the length, (b) E33 
Strain along the length and (c) Damage Stage for against different av/d 
Ratio of BWOS (d) Values for S33, E33 and PEMAG 
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Figure 6.29: Comparison of Load Displacement curve of ABAQUS cases for varying 
av/d Ratio of BWOS 
Table 6.3 provided the detail of the selected case studies having different fc (MPa) for 
the database of BWOS. Figure 6.30 described the principal stress, i.e. S33, principal 
elastic strain, i.e. E33 and plastic strain magnitude (i.e., PEMAG) developing along the 
length of the RC member at ULS and Figure 6.31 described the load-displacement curve 
of these three cases against fc (MPa) for BWOS. 
Table 6.3: Selected Cases of varying fc (MPa) from CFP Database for BWOS  
BWOS b d av/d ρl fyl fc 
722 100 200 5.5 2.5 500 50 
727 100 200 5.5 2.5 500 70 
728 100 200 5.5 2.5 500 90 
 
 722 727 728 
(a) 
S33 
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(b) 
E33 
   
(c) 
PEMAG 
   
(d) 
   
Figure 6.30: Comparison of ABAQUS cases (a) S33 Stress along the length, (b) E33 
Strain along the length and (c) Damage Stage for against different fc (MPa) 
of BWOS (d) Values for S33, E33 and PEMAG 
Table 6.4 provided the detail of the selected case studies having different ρl (%) Ratio 
for the database of BWOS. Figure 6.32 described the principal stress, i.e. S33, principal 
elastic strain, i.e. E33 and plastic strain magnitude (i.e., PEMAG) developing along the 
length of the RC member at ULS and Figure 6.33 described the load-displacement curve 
of these three cases against ρl (%) Ratio for BWOS. 
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Figure 6.31: Comparison of Load Displacement curve of ABAQUS cases for varying fc 
(MPa) of BWOS 
Table 6.4: Selected Cases of varying ρl (%) Ratio from CFP Database for BWOS  
BWOS b d av/d ρl fyl fc 
722 100 200 5.5 2.5 500 50 
731 100 200 5.5 3.5 250 50 
732 100 200 5.5 4.5 250 50 
 722 731 732 
(a) 
S33 
   
(b) 
E33 
   
(c) 
PEMAG 
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(d) 
   
Figure 6.32: Comparison of ABAQUS cases (a) S33 Stress along the length, (b) E33 
Strain along the length and (c) Damage Stage for against different ρl (%) 
Ratio of BWOS (d) Values for S33, E33 and PEMAG 
Table 6.5 provided the detail of the selected case studies having different fyl (MPa) for 
the database of BWOS. Figure 6.34 described the principal stress, i.e. S33, principal 
elastic strain, i.e. E33 and plastic strain magnitude (i.e., PEMAG) developing along the 
length of the RC member at ULS and Figure 6.35 described the load-displacement curve 
of these three cases against fyl (MPa) for BWOS. 
 
Figure 6.33: Comparison of Load Displacement curve of ABAQUS cases for varying ρl 
(%) Ratio of BWOS 
Table 6.5: Selected Cases of varying fyl (MPa) from CFP Database for BWOS  
BWOS b d av/d ρl fyl fc 
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730 100 200 5.5 2.5 300 50 
729 100 200 5.5 2.5 400 50 
722 100 200 5.5 2.5 500 50 
 
 722 729 730 
(a) 
S33 
   
(b) 
E33 
   
(c) 
PEMAG 
   
(d) 
   
Figure 6.34: Comparison of ABAQUS cases (a) S33 Stress along the length, (b) E33 
Strain along the length and (c) Damage Stage for against different fyl 
(MPa) of BWOS (d) Values for S33, E33 and PEMAG 
Chapter 6-Enrichment of Experimental Database for ANN Models 
192 
 
Figure 6.35: Comparison of Load Displacement curve of ABAQUS cases for varying fyl 
(MPa) of BWOS 
Figure 6.36 described the compared the prediction of all these studied cases in 
ABAQUS against the CFP prediction for BWOS. This exhibits that the CFP predictions 
are very close to the ABAQUS prediction, on which the enrichment process is based. As 
previous chapters and these comparative studies again highlight the accuracy of CFP for 
predicting the structural behaviour of reinforced concrete members at ULS. 
 
Figure 6.36: Comparison of CFP with ABAQUS for different cases of BWOS 
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6.5.2 ABAQUS case studies for the Database of BWS 
Table 6.6 provided the detail of the selected case studies having different d (mm) for the 
database of BWS. Figure 6.37 described the principal stress, i.e. S33, principal elastic 
strain, i.e. E33 and plastic strain magnitude (i.e., PEMAG) developing along the length 
of the RC member at ULS and Figure 6.38 described the load-displacement curve of 
these three cases against d (mm) for BWS. 
Table 6.6: Selected Cases of varying d (mm) from CFP Database for BWS  
BWS b d av/d ρl fyl fc ρw fyw 
316 100 200 4.5 2.5 525 50 2 300 
317 125 250 4.5 2.5 525 50 2 300 
318 150 300 4.5 2.5 525 50 2 300 
 
 316 317 318 
(a) 
S33 
   
(b) 
E33 
   
(c) 
PEMAG 
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(d) 
   
Figure 6.37: Comparison of ABAQUS cases (a) S33 Stress along the length, (b) E33 
Strain along the length and (c) Damage Stage for against different d (mm) 
of BWS (d) Values for S33, E33 and PEMAG 
 
Figure 6.38: Comparison of Load Displacement curve of ABAQUS cases for varying d 
(mm) of BWS 
Table 6.7 provided the detail of the selected case studies having different av/d Ratio for 
the database of BWS. Figure 6.39 described the principal stress, i.e. S33, principal 
elastic strain, i.e. E33 and plastic strain magnitude (i.e., PEMAG) developing along the 
length of the RC member at ULS and Figure 6.40 described the load-displacement curve 
of these three cases against av/d Ratio for BWS. 
Table 6.7: Selected Cases of varying av/d Ratio from CFP Database for BWS  
BWS b d av/d ρl fyl fc ρw fyw 
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316 100 200 4.5 2.5 525 50 2 300 
319 100 200 5 2.5 525 50 2 300 
320 100 200 6 2.5 525 50 2 300 
 
 316 319 320 
(a) 
S33 
   
(b) 
E33 
   
(c) 
PEMAG 
   
(d) 
   
Figure 6.39: Comparison of ABAQUS cases (a) S33 Stress along the length, (b) E33 
Strain along the length and (c) Damage Stage for against different av/d 
Ratio of BWS (d) Values for S33, E33 and PEMAG 
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Figure 6.40: Comparison of Load Displacement curve of ABAQUS cases for varying 
av/d Ratio of BWS 
Table 6.8 provided the detail of the selected case studies having different fc (MPa) for 
the database of BWS. Figure 6.41 described the principal stress, i.e. S33, principal 
elastic strain, i.e. E33 and plastic strain magnitude (i.e., PEMAG) developing along the 
length of the RC member at ULS and Figure 6.42 described the load-displacement curve 
of these three cases against fc (MPa) for BWS. 
Table 6.8: Selected Cases of varying fc (MPa) from CFP Database for BWS  
BWS b d av/d ρl fyl fc ρw fyw 
316 100 200 4.5 2.5 525 50 2 300 
321 100 200 4.5 2.5 525 70 2 300 
322 100 200 4.5 2.5 525 90 2 300 
 316 321 322 
(a) 
S33 
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(b) 
E33 
   
(c) 
PEMAG 
   
(d) 
   
Figure 6.41: Comparison of ABAQUS cases (a) S33 Stress along the length, (b) E33 
Strain along the length and (c) Damage Stage for against different fc (MPa) 
of BWS (d) Values for S33, E33 and PEMAG 
 
Figure 6.42: Comparison of Load Displacement curve of ABAQUS cases for varying fc 
(MPa) of BWS 
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Table 6.9 provided the detail of the selected case studies having different ρl (%) for the 
database of BWS. Figure 6.43 described the principal stress, i.e. S33, principal elastic 
strain, i.e. E33 and plastic strain magnitude (i.e., PEMAG) developing along the length 
of the RC member at ULS and Figure 6.44 described the load-displacement curve of 
these three cases against ρl (%) for BWS. 
Table 6.9: Selected Cases of varying ρl (%) from CFP Database for BWS  
BWS b d av/d ρl fyl fc ρw fyw 
316 100 200 4.5 2.5 525 50 2 300 
323 100 200 4.5 3.5 525 50 2 300 
324 100 200 4.5 4.5 525 50 2 300 
 
 316 323 324 
(a) 
S33 
   
(b) 
E33 
   
(c) 
PEMAG 
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(d) 
   
Figure 6.43: Comparison of ABAQUS cases (a) S33 Stress along the length, (b) E33 
Strain along the length and (c) Damage Stage for against different ρl (%) of 
BWS (d) Values for S33, E33 and PEMAG 
Table 6.10 provided the detail of the selected case studies having different ρw (%) for 
the database of BWS. Figure 6.45 described the principal stress, i.e. S33, principal 
elastic strain, i.e. E33 and plastic strain magnitude (i.e., PEMAG) developing along the 
length of the RC member at ULS and Figure 6.46 described the load-displacement curve 
of these three cases against ρw (%) for BWS. 
 
Figure 6.44: Comparison of Load Displacement curve of ABAQUS cases for varying ρl 
(%) of BWS 
Table 6.10: Selected Cases of varying ρw (%) from CFP Database for BWS  
BWS b d av/d ρl fyl fc ρw fyw 
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326 100 200 4.5 2.5 525 50 1.5 300 
316 100 200 4.5 2.5 525 50 2.0 300 
325 100 200 4.5 2.5 525 50 2.5 300 
 
 316 325 326 
(a) 
S33 
   
(b) 
E33 
   
(c) 
PEMAG 
   
(d) 
   
Figure 6.45: Comparison of ABAQUS cases (a) S33 Stress along the length, (b) E33 
Strain along the length and (c) Damage Stage for against different ρw (%) 
of BWS (d) Values for S33, E33 and PEMAG 
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Figure 6.46: Comparison of Load Displacement curve of ABAQUS cases for varying ρw 
(%) of BWS 
Table 6.11 provided the detail of the selected case studies having different fyl (MPa) for 
the database of BWS. Figure 6.47 described the principal stress, i.e. S33, principal 
elastic strain, i.e. E33 and plastic strain magnitude (i.e., PEMAG) developing along the 
length of the RC member at ULS and Figure 6.48 described the load-displacement curve 
of these three cases against fyl (MPa) for BWS. 
Table 6.11: Selected Cases of varying fyl (MPa) from CFP Database for BWS  
BWS b d av/d ρl fyl fc ρw fyw 
327 100 200 4.5 2.5 325 50 2 300 
328 100 200 4.5 2.5 425 50 2 300 
316 100 200 4.5 2.5 525 50 2 300 
 316 327 328 
(a) 
S33 
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(b) 
E33 
   
(c) 
PEMAG 
   
(d) 
   
Figure 6.47: Comparison of ABAQUS cases (a) S33 Stress along the length, (b) E33 
Strain along the length and (c) Damage Stage for against different fyl 
(MPa) of BWS (d) Values for S33, E33 and PEMAG 
 
Figure 6.48: Comparison of Load Displacement curve of ABAQUS cases for varying fyl 
(MPa) of BWS 
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Figure 6.49 described the compared the prediction of all these studied cases in 
ABAQUS against the CFP prediction for BWS. This exhibits that the CFP predictions 
are very close to the ABAQUS prediction, on which the enrichment process is based. As 
previous chapters and these comparative studies again highlight the accuracy of CFP for 
predicting the structural behaviour of reinforced concrete members at ULS. 
 
Figure 6.49: Comparison of CFP with ABAQUS for different cases of BWS 
6.5.3 ABAQUS case studies for the Database of CWA 
Table 6.12 provided the detail of the selected case studies having different d (mm) for 
the database of CWA. Figure 6.50 described the principal stress, i.e. S33, principal 
elastic strain, i.e. E33 and plastic strain magnitude (i.e., PEMAG) developing along the 
length of the RC member at ULS and Figure 6.51 described the load-displacement curve 
of these three cases against d (mm) for CWA. 
Table 6.12: Selected Cases of varying d (mm) from CFP Database for CWA 
CWA b d av/d ρl fyl fc ρw fyw N 
170 175 350 6.5 3 350 50 1.5 350 2400 
171 200 400 6.5 3 350 50 1.5 350 2400 
172 225 450 6.5 3 350 50 1.5 350 2400 
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 170 171 172 
(a) 
S33 
   
(b) 
E33 
   
(c) 
PEMAG 
   
(d) 
   
Figure 6.50: Comparison of ABAQUS cases (a) S33 Stress along the length, (b) E33 
Strain along the length and (c) Damage Stage for against different d (mm) 
of CWA (d) Values for S33, E33 and PEMAG 
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Figure 6.51: Comparison of Load Displacement curve of ABAQUS cases for varying d 
(mm) of CWA 
Table 6.13 provided the detail of the selected case studies having different av/d (Ratio) 
for the database of CWA. Figure 6.52 described the principal stress, i.e. S33, principal 
elastic strain, i.e. E33 and plastic strain magnitude (i.e., PEMAG) developing along the 
length of the RC member at ULS and Figure 6.53 described the load-displacement curve 
of these three cases against av/d (Ratio) for CWA. 
Table 6.13: Selected Cases of varying av/d (Ratio) from CFP Database for CWA 
CWA b d av/d ρl fyl fc ρw fyw N 
171 200 400 6.5 3 350 50 1.5 350 2400 
173 200 400 7.5 3 350 50 1.5 350 2400 
174 200 400 8.5 3 350 50 1.5 350 2400 
 
 171 173 174 
(a) 
S33 
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(b) 
E33 
   
(c) 
PEMAG 
   
(d) 
   
Figure 6.52: Comparison of ABAQUS cases (a) S33 Stress along the length, (b) E33 
Strain along the length and (c) Damage Stage for against different av/d 
(Ratio) of CWA (d) Values for S33, E33 and PEMAG 
 
Figure 6.53: Comparison of Load Displacement curve of ABAQUS cases for varying 
av/d (Ratio) of CWA 
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Table 6.14 provided the detail of the selected case studies having different fc (MPa) for 
the database of CWA. Figure 6.54 described the principal stress, i.e. S33, principal 
elastic strain, i.e. E33 and plastic strain magnitude (i.e., PEMAG) developing along the 
length of the RC member at ULS and Figure 6.55 described the load-displacement curve 
of these three cases against fc (MPa) for CWA. 
Table 6.14: Selected Cases of varying fc (MPa) from CFP Database for CWA 
CWA b d av/d ρl fyl fc ρw fyw N 
171 200 400 6.5 3 350 50 1.5 350 2400 
175 200 400 6.5 3 350 70 1.5 350 2400 
176 200 400 6.5 3 350 90 1.5 350 2400 
 
 171 175 176 
(a) 
S33 
   
(b) 
E33 
   
(c) 
PEMAG 
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(d) 
   
Figure 6.54: Comparison of ABAQUS cases (a) S33 Stress along the length, (b) E33 
Strain along the length and (c) Damage Stage for against different fc (MPa) 
of CWA (d) Values for S33, E33 and PEMAG 
 
Figure 6.55: Comparison of Load Displacement curve of ABAQUS cases for varying fc 
(MPa) of CWA 
Table 6.15 provided the detail of the selected case studies having different ρl (%) for the 
database of CWA. Figure 6.56 described the principal stress, i.e. S33, principal elastic 
strain, i.e. E33 and plastic strain magnitude (i.e., PEMAG) developing along the length 
of the RC member at ULS and Figure 6.57 described the load-displacement curve of 
these three cases against ρl (%) for CWA. 
 
Table 6.15: Selected Cases of varying ρl (%) from CFP Database for CWA 
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CWA b d av/d ρl fyl fc ρw fyw N 
177 175 350 6.5 1.5 350 50 1.5 350 2400 
170 175 350 6.5 3.0 350 50 1.5 350 2400 
178 175 350 6.5 4.5 350 50 1.5 350 2400 
 
 170 177 178 
(a) 
S33 
   
(b) 
E33 
   
(c) 
PEMAG 
   
(d) 
   
Figure 6.56: Comparison of ABAQUS cases (a) S33 Stress along the length, (b) E33 
Strain along the length and (c) Damage Stage for against different ρl (%) of 
CWA (d) Values for S33, E33 and PEMAG 
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Figure 6.57: Comparison of Load Displacement curve of ABAQUS cases for varying ρl 
(%) of CWA 
Table 6.16 provided the detail of the selected case studies having different ρw (%) for 
the database of CWA. Figure 6.58 described the principal stress, i.e. S33, principal 
elastic strain, i.e. E33 and plastic strain magnitude (i.e., PEMAG) developing along the 
length of the RC member at ULS and Figure 6.59 described the load-displacement curve 
of these three cases against ρw (%) for CWA. 
Table 6.16: Selected Cases of varying ρw (%) from CFP Database for CWA 
CWA b d av/d ρl fyl fc ρw fyw N 
172 225 450 6.5 3 350 50 1.5 350 2400 
179 225 450 6.5 3 350 70 2.5 350 2400 
180 225 450 6.5 3 350 70 3.5 350 2400 
 
 172 179 180 
(a) 
S33 
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(b) 
E33 
   
(c) 
PEMAG 
   
(d) 
   
Figure 6.58: Comparison of ABAQUS cases (a) S33 Stress along the length, (b) E33 
Strain along the length and (c) Damage Stage for against different ρw (%) 
of CWA (d) Values for S33, E33 and PEMAG 
 
Figure 6.59: Comparison of Load Displacement curve of ABAQUS cases for varying ρw 
(%) of CWA 
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Table 6.17: Selected Cases of varying fyl (MPa) from CFP Database for CWA 
CWA b d av/d ρl fyl fc ρw fyw N 
172 225 450 6.5 3 350 50 1.5 350 2400 
181 225 450 6.5 3 450 50 1.5 450 2400 
182 225 450 6.5 3 550 50 1.5 550 2400 
Table 6.17 provided the detail of the selected case studies having different fyl (MPa) for 
the database of CWA. Figure 6.60 described the principal stress, i.e. S33, principal 
elastic strain, i.e. E33 and plastic strain magnitude (i.e., PEMAG) developing along the 
length of the RC member at ULS and Figure 6.61 described the load-displacement curve 
of these three cases against fyl (MPa) for CWA. 
 172 181 182 
(a) 
S33 
   
(b) 
E33 
   
(c) 
PEMAG 
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(d) 
   
Figure 6.60: Comparison of ABAQUS cases (a) S33 Stress along the length, (b) E33 
Strain along the length and (c) Damage Stage for against different fyl 
(MPa) of CWA (d) Values for S33, E33 and PEMAG 
Table 6.18 provided the detail of the selected case studies having different N (kN) for 
the database of CWA. Figure 6.62 described the principal stress, i.e. S33, principal 
elastic strain, i.e. E33 and plastic strain magnitude (i.e., PEMAG) developing along the 
length of the RC member at ULS and Figure 6.63 described the load-displacement curve 
of these three cases against N (kN) for CWA. 
 
 
Figure 6.61: Comparison of Load Displacement curve of ABAQUS cases for varying fyl 
(MPa) of CWA 
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Table 6.18: Selected Cases of varying N (kN) from CFP Database for CWA 
CWA b d av/d ρl fyl fc ρw fyw N 
172 225 450 6.5 3 350 50 1.5 350 2400 
183 225 450 6.5 3 350 50 1.5 350 2800 
184 225 450 6.5 3 350 50 1.5 350 3200 
 
 172 183 184 
(a) 
S33 
   
(b) 
E33 
   
(c) 
PEMAG 
   
(d) 
   
Figure 6.62: Comparison of ABAQUS cases (a) S33 Stress along the length, (b) E33 
Strain along the length and (c) Damage Stage for against different N (kN) 
of CWA (d) Values for S33, E33 and PEMAG 
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Figure 6.63: Comparison of Load Displacement curve of ABAQUS cases for varying N 
(kN) of CWA 
 
Figure 6.64: Comparison of CFP with ABAQUS for different cases of CWA 
Figure 6.64 described the compared the prediction of all these studied cases in 
ABAQUS against the CFP prediction for CWA. This exhibits that the CFP predictions 
are very close to the ABAQUS prediction, on which the enrichment process is based. As 
previous chapters and these comparative studies again highlight the accuracy of CFP for 
predicting the structural behaviour of reinforced concrete members at ULS. 
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6.6 Comparison of two ANN models 
After developing HEXP database, new ANN models are trained on this database. For 
the comparison, the prediction between the old ANN model (i.e., ANN-EXP) and new 
ANN model (i.e., ANN-EXP). Figure 6.65 described the comparative study between the 
two ANN models for 15 samples for the case of BWOS. Similarly, Figure 6.66 
described the comparative study between the two ANN models for 18 samples for the 
case of BWS. Similarly, Figure 6.67 described the comparative study between the two 
ANN models for 21 samples for the case of CWA.  
 
Figure 6.65: Comparison of ANN trained on EXP and HEXP for BWOS 
As discussed in the Chapter 4 and 5, that numerical studies verify the fact that the 
mechanics underlying the behaviour of the RC members investigated are in agreement 
with the assumptions of the physical model adopted by the CFP method. This fact can 
also be seen by the indication of the strain conditions, stress conditions and damage 
characterising the specimens of RC members at ULS, developing on account of bending 
correlates very closely with the arch-like frame of the CFP physical model shown in 
Figures 3.2 and 3.3 in the Chapter 3. Such a close correlation may be seen as an 
indication of the ability of the model to provide a realistic description of the physical 
state of RC members at their ULS.  
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Figure 6.66: Comparison of ANN trained on EXP and HEXP for BWS 
 
Figure 6.67: Comparison of ANN trained on EXP and HEXP for CWA 
6.7 Conclusion 
The conclusion of Chapter 6 is very important for the application of ANN failure 
criteria as in the Chapter 7. The procedure and conclusions of this Chapter to enrich the 
existing experimental database, so the new enriched experimental (HEXP) databases 
have uniform number of samples in each region of the parameters and the ANN models 
trained on these HEXP have more accuracy for predicting the RC structures response at 
the ULS can be summarised as following; 
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• For the better prediction of ANN models, new samples are required to enrich the 
poorly populated region of individual parameter in each the databases i.e. EXP 
by using realistic method.  
• Based on the conclusion of chapter 4, the CFP method is used to for creating the 
new samples, followed by the NLFEA i.e. ABAQUS validation. As this method 
don’t required any heavy financial budget and lengthy analysis time. The 
resultant databases are hybrid (HEXP) of the experimental samples and CFP 
samples. 
• The predictions obtained via NLFEA are in good agreement to their counterparts 
established experimentally and predicted by the ANN. Furthermore, the 
numerical predictions also support the fact that the mechanics underlying the 
behaviour of the RC beam specimens investigated are in agreement with the 
physical model adopted by the CFP method. 
• The comparative study of the two ANN models, especially for the poorly region, 
shows that the ANN models based on HEXP have more accuracy than the old 
ANN models based on EXP databases, as the HEXP have more samples than the 
EXP in the poorly region..  
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CHAPTER 7: APPLICATION OF ANN-FEA MODEL FOR 
ASSESSING THE STRUCTURAL RESPONSE OF RC 
STRUCTURES 
7.1 Introduction 
In recent years, structural analysis packages employed for predicting the behaviour of 
RC frame structures are increasingly being used in practice for carrying out the 
assessment and design of new and existing structures. Such packages are usually 
capable of realistically predicting flexural modes of failure but are frequently unable to 
accurately predict shear (brittle) failure modes. Considering that shear modes of failure 
are usually brittle and catastrophic without essentially offering any signs of warning, it 
is important that structural analysis packages employed in practice can accurately 
predict such modes of failure in order to provide predictions that can lead to the 
development of economical and safe design solutions capable of effectively 
safeguarding structural integrity and resilience. Failure to do so may result in 
predictions that are unsafe and overestimate the load-carrying capacity and ductility 
characterising the behaviour of the various components comprising the RC frame 
structures considered. This is the case for most of the available structural analysis 
packages (i.e., SAP2000, Etabs 2015 and Staad Pro V8i) [28, 29] employed in practice 
as they employ simplified assumptions when describing concrete material behaviour 
and RC structural response.  
To address this problem without additional computational cost, a Artificial Neural 
Network finite element analysis (ANN-FEA) method is presently proposed which 
employs the ANNs developed in previous chapters (on the basis of the experimental and 
enriched databases) as failure criteria for predicting when the individual members 
(beams and columns) of the RC frame structures will exhibit shear modes of failure. A 
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recently developed numerical method [133], which is intended for the analysis and 
design of new and existing frame-type RC structures, was used as the basis of the work. 
The main feature of this procedure is that each structure is subdivided into portions 
extending between points of the maximum bending moment and points of contra-
flexure or consecutive points of contra-flexure which are equivalent to cantilevers or 
simply-supported beams, respectively. These portions are identical to specimens the 
behaviour of which has been extensively investigated experimentally to date. As a 
result, through the framework proposed the available test data is objectively analysed 
and directly used to develop ANNs for predicting the behaviour of the individual RC 
structural components. These ANNs are then used to develop the ANN-FEA models 
employed by the proposed structural analysis method for representing the structures 
presently considered. 
The proposed ANN-FEA structural analysis method is not only useful for the designing 
of new RC structures or the assessment of existing ones but also provides a method of 
enhancing the capabilities of current professional structural analysis tools. The present 
chapter presents the key aspects of the proposed ANN-FEA structural analysis method 
and the predictions it provides concerning the behaviour of a range of RC indeterminate 
structural configurations (i.e., indeterminate beams, RC frames exhibiting flexural or 
shear forms of failure). The predictions obtained are compared to those obtained from 
an advanced FEA package widely employed for research purposes (ABAQUS, see 
Chapter 3) and a structural analysis package widely used in practice (SAP-2000) as well 
as the available test data. After validating the numerical predictions obtained from the 
packages mentioned above (proposed ANN-FEA method, ABAQUS and SAP-2000) a 
parametric investigation is carried out in which the amount of shear links included in 
key elements of the structures considered is gradually reduced. This is done to 
investigate the ability of the structural analysis packages presently employed to 
accurately predict the observed shift in the mode failure, from-flexure to shear, once the 
amount of shear links is reduced beyond a certain limit.  
7.2 Analysis of Reinforced Concrete Structures 
From mid 1950s, when there was a construction boom in the multi-storey building, 
which increased the responsibilities and expertise of the structural engineer. These 
responsibilities are to provide the safe, durable and economical design of the RC multi-
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storey building. From then, structural engineering proposed, different complex analysis 
methods to meet the abovementioned requirement of mutli-storey design and analysis. 
The presently available tools not only used for designing the new structures according 
to new design guidelines but also used for the assessment of old RC structures 
according to new design guidelines. The results of this development, where new 
guidelines substituted the old ones, more complex and details analysis required more 
calculations time and computational resources. The requirement of the present day is to 
use such tools which have the capability, to analyse a structure with more accurately 
prediction, especially for the brittle mode of failure. Significant effort has been devoted, 
in the last several decades, for developing models for accurate prediction of the brittle 
behaviour of reinforced concrete frame elements. Such an analysis tool may be required 
for the following purposes; 
1. For the design purpose of the new RC structures, 
2. For the assessment of the old RC structures with respect to the new RC design 
guidelines, 
3. For the assessment of the Strength, safety and integrity assessment of damaged 
or deteriorated structures, 
4. For solving the problems that arise after the construction of a new building, or 
cause due to the change of the use or function of the existing structure, 
5. For investigating the causes of the structural analyses failure or collapse. 
For all these mentioned above problems, structural engineers may require assessing the 
different RC concrete behaviour at the ultimate limit state (ULS) (i.e., the load carrying 
capacity, ultimate displacement capacity and the failure mechanism of the structure). 
Such behaviour can be studied through the nonlinear analysis procedures involved the 
complex calculation. For the research purposes, well established NLFEA packages like 
ABAQUS and ADINA are used. The details description of the ABAQUS is already 
presented in the Chapter 3 section 3.5. 
7.3 Review of the Analysis with SAP2000 
SAP-2000 [28] is a structural analysis package widely used in practice for assessing and 
designing RC frame structures. To model an RC frame, SAP2000 usually employs one-
dimensional (1-D) elements to represent the individual structural members (beams, 
columns), with plastic hinges being assigned to specific points along their span when 
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considering a nonlinear structural response. The push-over analysis carried out by 
SAP2000 requires considerably less computational resources and analysis time 
compared to more advanced structural analysis packages employed in research (e.g., 
ABAQUS). This allows for more intricate structures to be considered. The push-over 
analysis carried out relies on a number of simplifications concerning material behaviour 
and RC structural response (e.g., rigid joint behaviour, simple uniaxial material laws, 
description of cross-sectional mechanical characteristics) which do not allow a realistic 
prediction of all features of RC structural response. This often affects the accuracy of 
the predictions obtains concerning the behaviour of RC structural elements especially 
when exhibiting shear/brittle modes of failure at ULS. 
 
Figure 7.1: Hinge location at the Column and Beam 
When carrying out pushover analysis, a predefined lateral load is monotonically applied 
onto the building at a constant rate in the form of displacement increments 
(displacement control) until either a pre-defined level of deformation is achieved or 
until collapse/failure occurs [28]. When developing the model of the structures 
considered all the necessary design information (i.e., material properties, longitudinal 
reinforcement details including the reinforcement arrangement) are introduced into the 
model. The plastic hinges are assigned to specific locations along the beam and column 
elements at which large values of bending moments are expected to develop. The 
location and properties of the plastic hinges influence the predictions obtained by the 
push-over analysis [28] Figure 7.1 described the length of the plastic hinge developing 
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on the beam and columns. Several types of plastic hinge lengths have been proposed in 
the literature [28] as shown in the Figure 7.1.  
Different hinges were assigned to the different members. There are six default hinge 
options available in the SAP 2000: Axial P, Shear V2 or V3, Torsion T, Moment M2 or 
M3 frame hinge types are all uncoupled and can exist in the same frame hinge property, 
but no interaction exists between them. The interacting P-M2-M3 frame hinge type is a 
coupled hinge property. It can exist with uncoupled Shear V2, Shear V3, (only in 
FEMA 356 not in Caltrans Flexural Hinge) and Torsion T hinge types, but not with 
uncoupled Axial P, Moment M2, or Moment M3 types. The hinge properties are 
calculated by the program based on the available design parameters provided 
concerning geometry and the reinforcement detailing (discussed in the following 
section). SAP2000 provides default-hinge properties and recommends the use of (i) P-
M2-M3 hinges for columns as they are subjected to a combination of axial and bending 
moments and (ii) M3 hinges for beams as they predominantly subjected to bending 
(with the level of axial loading usually being too low to significantly affect the flexural 
capacity of these elements. In the present work, Caltrans Flexural hinges are used for 
RC beams and columns. 
 
Figure 7.2: Force-Deformation Relationship of a Typical Plastic hinge [28] 
According to SAP-2000 the behaviour of the plastic hinges is described by a curve in 
Figure 7.2 illustrated the force-deformation. The latter relationship presented in Figure. 
7.2 are essentially defined by the five points labelled A, B, C, D, and E. The values 
assigned to each of these points vary depending on the type of element considered and 
the associated design parameters (material properties, longitudinal and transverse steel 
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content). Based on this curve, no plastic deformation occurs until point B where the 
hinge yields. This is followed by a yield plateau or strain hardening behaviour until 
point C which represents the ultimate capacity of the hinge. After point C, the hinge’s 
force capacity immediately drops to point D which corresponds to the residual strength 
of the hinge. Point E represents the ultimate displacement capacity of the hinge [28]. 
There are three stages marked between point B and C for information purposes: IO 
corresponds to immediate occupancy, LS to life safety, and CP to collapse prevention to 
mention the level of damages. 
The next step is to define the procedure through which the external load is applied as 
well as the parameters associated with the nonlinear iterative solution procedure 
adopted by the pushover analysis. The load can be applied either in the form of load-
increments (load control) or in the form of displacement increments (displacement 
control). When conducting pushover analysis in SAP-2000 both, small or large 
displacements analysis can be performed. When a hinge attained maximum load-
carrying capacity and then suffers an abrupt loss of load-carrying capacity (i.e., 
dropping from point C to point D as shown in Figure 7.2), the entire structure is 
unloaded until the level of loading applied to the whole structure reduces until it 
becomes equal to that at which the hinge immediately before the load drop occurred 
(i.e., associated with Point C as shown in Figure 7.2). The program then reverts to 
increasing the applied load on the whole structure accounting for the loss of load-
carrying capacity in the plastic joint mentioned above. As a result, the applied load 
increments are transferred to the support through alternative load-paths resulting in a 
redistribution in the internal actions developing along the structural components of the 
structure. Once the pushover analysis is finished the predicted behaviour until the 
collapse of the RC structure considered is presented in the load-deflection curves. In 
addition, information concerning the level of deformation exhibited by the plastic 
hinges (associated with B, IO, LS, CP, D, and E as described earlier) assigned to the 
various structural elements of the RC frame considered can be provided for every load-
increment imposed onto the structure using the graphical interface. This is useful when 
evaluating the failure mechanism of the structure, as described below for each case 
study considered. 
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7.4 Methodology of proposed ANN-FEA Model 
The present section is concerned with the development of a numerical method for 
assessing the structural performance of RC frame structures, using as failure criterion 
the Artificial Neural Networks (ANNs) developed in chapters 3 to 6 for the assessment 
of the load-carrying capacity of linear (beam/column) elements through the use of the 
purely experimental and enriched databases. The work is based on a recently developed 
numerical method [133] which is intended for the analysis and design of new and 
existing frame-type RC structures (see Appendix E). As described earlier, the main 
feature of this procedure is that each structure is subdivided into portions extending 
between points of the maximum bending moment and points of contra-flexure or 
consecutive points of contra-flexure (as shown in Figure 7.3) which are equivalent to 
cantilevers or simply-supported beams, respectively. These portions are identical to 
specimens (as shown in Figure 7.3) the behaviour of which has been extensively 
investigated experimentally to date and therefore described by the test data included in 
the databases (Appendixes B1 to B3).  
 
Figure 7.3: Application of the ANN models for RC Beams and Columns in RC Frames 
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(a) (b) 
Figure 7.4: (a) Developing of ANN models for Beam and Column and (b) Analysis of 
RC Frame by using Developed ANN models as failure criteria  
 
Figure 7.5: Flow Chart of the Proposed ANN-FE Tools 
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As a result, through the proposed framework the available test data is directly used to 
develop ANNs capable of accurately predicting the behaviour of the individual RC 
components (including joints). These ANNs are then used to develop the ANN-FEA 
models employed by the proposed structural analysis method for representing the RC 
frame structures (as shown in Figure 7.3). The whole procedure of the proposed adopted 
for the development and calibration of the proposed ANN-FEA procedure can be 
summarized in the flowchart as shown in the Figure 7.5. 
7.5 Case Study-I: Analysis of indeterminate RC beam specimens 
The proposed ANN-FEA procedure is employed to assess the behavior of a series of 
indeterminate RC beam specimens with rectangular cross sections, subjected to the 
combined action of an axial-compressive concentric force N and a transverse force P 
was applied at mid length of the longer span, as shown in Figure 7.6. Figure 7.6 also 
shown the bending moment M and the shear force V diagrams corresponding to the 
formation of one and two plastic hinges (i.e., the locations of the element cross section 
have its flexural capacity Mp). Normally the first plastic hinge occurs close to the 
location of the transverse point load, while the second occurs near the location of the 
internal support. It considered that the formation of the first plastic is associated with 
the lower-bound limit for flexural capacity whereas the formation of the second plastic 
hinge is associated with the upper bound limit for structural collapse [133].  
Table 7.1: Case Studies of Indeterminate RC Beam 
Sr. No Description Type-I Type-II 
1 Control Model CM=0 CM=180 
2 Half Diameter of Stirrups HDN=0 HDN=180 
3 Double spacing of Stirrups DSN=0 DSN=180 
The design of the transverse reinforcement of these beams was carried with respect to 
the Compressive Force Path (CFP) method (discussed in detail in chapter 3). Also, 
Figure 7.7 described the differences of the critical locations with respect to the Truss 
Analogy and CFP method. Table 7.1 described the different case-studies carried out in 
this section in order to assess RC structural response through the use of proposed ANN-
FEA model. The first two case studies considered are associated with the control 
specimens since their behaviour was established experimentally in the past [134]. The 
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available test data are also used to validate the predictions of the NLFEA model 
(ABAQUS) presently employed. Once the predictions of ABAQUS are validated for the 
case of the specimens considered the remaining case studies are in Table 7.1 are carried 
out in which the spacing of the stirrups introduced in to the beams are increased in order 
to reduce the ductility and load-bearing capacity exhibited by the subject specimens 
and, in doing so promote an increasingly brittle form of failure. For the latter case 
studies, in the absence of available test data, the predictions obtained from the ANN-
FEA model is compared to its counterparts established from SAP2000 (which employed 
a typical push-over analysis procedure capable of realistically predicting flexural 
behaviours) as well as from the fully calibrated and validated ABAQUS models. 
 
Figure 7.6: Experimental setup of the indeterminate RC beams [134] 
 
Figure 7.7: Models underlying methods used for designing structural forms tested: (a) 
truss analogy (TA); and (b) compressive force path model (CFP) [134] 
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7.5.1 Specimens CM- and CM-180 
The ANN-FEA model, ABAQUS and SAP2000 are employed in this case to assess the 
behaviour of the indeterminate RC beams presently considered and their predictions 
were compared to their experimentally established counterparts. During the 
experimental investigation [134], two types of indeterminate beams were studied each 
being subjected to a different level of axial loading (i.e., N = 0 kN and N = 180 kN). 
Figures 7.8 described the design details of the subject specimens associated with the 
geometry and reinforcement configuration used for the construction of these specimens 
(steel and concrete). 
 
Figure 7.8: Design details of the indeterminate specimens investigated experimentally 
for N=0 k and N=180 kN [134]  
Figures 7.9 and 7.10 the described the predictions obtained from ABAQUS concerning 
certain aspects of the behaviour at ULS for the case of the indeterminate RC beam 
specimens with N=0 kN. Figure 7.9(a) described the principal stress, i.e. S33 
developing at the ULS along the full span of the beam considered and Figure 7.9 (b) 
provided a description of the associated principal elastic strain along the length of the 
member, i.e. E33. For principal stress and strain, the positive value (+) shows the tensile 
value and the negative value (-) shows the compressive value. From these Figures, it can 
be observed that the maximum values of the stress and strain are located near the point 
at which the concentrated load is applied and near the support.  
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(a) (b) 
  
(c) (d) 
   (e) 
Figure 7.9: Abaqus predictions describing the distribution of (a) Stress S33, (b) Strain 
E33, (c) DAMAGEC and (d) PEMAG developing along specimen CM=0 
at ULS (e) Values for S22, E33 and PEMAG 
  
(a) (b) 
 (c) 
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Figure 7.10: Abaqus predictions describing the distribution of (a) AC Yield and (b) Max 
Principal Stress developing along the reinforcement bars of specimen RC 
CM=0 at ULS (c) Values for AC YIELD and S, Max 
Similarly, Figure 7.9(c) described the level of damage in compression (i.e., 
DAMAGEC) sustained by the concrete along the full span of the beam once reaching 
the ULS and Figure 7.9(d) described the plastic strain magnitude (i.e., PEMAG) along 
the length of the member. Finally Figure 7.10(a) presented the AC YIELD, actively 
yielding (changes during each increment) and Figure 7.10(b) presented the maximum 
principal stress (i.e., S, Max) of the longitudinal and the transverse steel bars at ULS. 
  
(a) Experimental Result (b) SAP Result 
 
 
(c) ABAQUS Result (d) ANN-FE Result 
Figure 7.11: Comparative Studies between the predictions obtained from (a) the tests, 
(b) SAP 2000, (c) ABAQUS and (d) the ANN-FE Tool describing the 
damage (cracking) developing along specimen CM=0 at ULS 
Figures 7.11 and 7.12 described the comparison between the test data with the 
numerical predictions obtained from SAP2000, ABAQUS and the proposed ANN-FE 
for the case of the indeterminate beam with N=0 kN. Figure 7.11(a) described the 
experimentally established cracking profile developing at ULS and Figure 7.11(b) 
described the location and state of the plastic hinges from the SAP 2000 analysis 
associated with flexural failure. Figure 7.11(c) described the predicted level of damage 
sustained by the concrete medium along the span of the beam at when approaching ULS 
and Figure 7.11(d) described the model of failure predicted by the ANN-FEA 
procedure. From the comparative study, the mode of failure and the associated cracking 
profile predicted by the proposed ANN-FEA procedure is in agreement to that 
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established experimentally. Finally, Figure 7.12 provided a comparison between the 
load-deflection curves describing the behaviour of the specimen throughout the loading 
process predicted by SAP2000, ABAQUS and proposed ANN-FE with the load-
deflection curve established experimentally. It is observed that although the predictions 
obtained from SAP2000 significantly overestimate the experimentally established load-
carrying capacity, the predictions obtained from ABAQUS and the ANN-FE are 
generally in agreement with their experimentally established counterparts. 
 
Figure 7.12: Comparison of Load-Deflection curves obtained from (a) the experiments, 
(b) SAP2000, (c) ABAQUS and (d) the ANN-FEA model describing the 
behaviour of specimen CM=0 at ULS 
  
(a) (b) 
  
(c) (d) 
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   (e) 
Figure 7.13: Abaqus predictions describing the distribution of (a) Stress S33, (b) Strain 
E33, (c) DAMAGEC and (d) PEMAG developing along specimen 
CM=180 at ULS (e) Values for S22, E33 and PEMAG 
  
(a) (b) 
 (c) 
 
Figure 7.14: Abaqus predictions describing the distribution of (a) AC Yield and (b) Max 
Principal Stress developing along the reinforcement bars of specimen RC 
CM=180 at ULS (c) Values for AC YIELD and S, Max 
Figures 7.13 and 7.14 described the predictions obtained by ABAQUS for the case of 
the indeterminate RC beam specimen with N=180 kN. Figure 7.13(a) described the 
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principal stress, i.e. S33 developing within the specimen along its span when 
approaching the ULS whereas Figure 7.13(b) described the associated principal elastic 
strain along the length of the member, i.e. E33. From these figures, the maximum values 
of the stress and strain are located near the point load. Figure 7.13(c) described the level 
of damage in compression (i.e., DAMAGEC) sustained by the concrete along the full 
span of the beam once reaching the ULS and Figure 7.13(d) described the plastic strain 
magnitude (i.e., PEMAG) along the length of the member. Finally Figure 7.14(a) 
presented the AC YIELD, actively yielding (changes during each increment) and Figure 
7.14(b) presented the maximum principal stress (i.e., S, Max) of the longitudinal and the 
transverse steel bars at ULS. 
  
(a) Experimental Result (b) SAP Result 
  
(c) ABAQUS Result (d) ANN-FE Result 
Figure 7.15: Comparative Studies between the predictions obtained from (a) the test, (b) 
SAP 2000, (c) ABAQUS and (d) the ANN-FE Tool describing the damage 
(cracking) developing along specimen CM=180 at ULS 
Figures 7.15 and 7.16 described the comparative study carried out between the test data 
and the numerical predictions obtained from SAP2000, ABAQUS and the proposed 
ANN-FE for the case of the indeterminate beam with N=180 kN. Figure 7.15(a) 
described the distribution of the cracks recorded experimentally and Figure 7.15(b) 
described the location and state of the plastic hinges developing as predicted by the 
pushover analysis carried out by SAP2000 if the specimen was expected to exhibit a 
flexural form of failure. Figure 7.15(c) described the extent of the damage predicted by 
ABAQUS which is sustained by the concrete medium when the specimen considered 
approaches its ULS. Figure 7.15(d) described the mode of failure predicted by the 
proposed ANN-FEA procedure. From the comparative study it is observed that the 
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cracking profile predicted by the proposed ANN-FEA model is in agreement to that 
recorded during testing. 
 
Figure 7.16: Comparison of Load-Deflection curves obtained from (a) the experiments, 
(b) SAP2000, (c) ABAQUS and (d) the ANN-FEA model describing the 
behaviour of specimen CM=180 at ULS 
Figure 7.16 presented the comparison of the load-deflection curves describing the 
overall behaviour of the specimen considered (exhibited throughout the loading process) 
predicted by SAP2000, ABAQUS and proposed ANN-FEA procedure with that load-
deflection curves recorded during testing. It is observed that the predictions obtained by 
SAP2000 overestimate the load-carrying capacity established experimentally. However 
the predictions obtained from ABAQUS and the ANN-FEA procedure are in good 
agreement with their experimentally established counterparts. 
7.5.2 Specimens HDN-0 and HDN-180 (Shear Critical specimens) 
In order to assess the ability of the proposed ANN-FE procedure to predict the RC 
structural response of the indeterminate RC beam specimens, new numerical models are 
studied with the half diameter of the stirrups as compare to the above discussed control 
models (i.e., CM-0 and CM-180). By doing this, the RC specimens considered have 75 
% less transverse reinforcement as compared to the original specimens investigated 
experimentally. Table 7.2 described the indeterminate RC beam: HDN=0 kN and 
HDN=180 kN. Figure 7.17 described the design details (geometry, and reinforcement 
configuration) of the specimens presently considered. 
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Figure 7.17: Design details of the indeterminate specimens investigated experimentally 
for HDN=0 k and HDN=180 kN 
Figures 7.18 and 7.19 described the predictions obtained from ABAQUS describing 
various aspects of the behaviour of indeterminate beam HDN=0 kN as it approaches the 
ULS. Figure 7.18(a) described the principal stress, i.e. S33 developing along the full 
length of the beam at ULS whereas Figure 7.18(b) described the associated principal 
elastic strain along the length of the member, i.e. E33. From these figures, the maximum 
values of the stress and strain appear to develop near the point at which the concentrated 
lateral load is applied as well as near the load Figure 7.18(c) described the level of 
damage in compression (i.e., DAMAGEC) sustained by the concrete along the full span 
of the beam once reaching the ULS and Figure 7.18(d) described the plastic strain 
magnitude (i.e., PEMAG) along the length of the member.  
  
(a) (b) 
  
(c) (d) 
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   (e) 
Figure 7.18: Abaqus predictions describing the distribution of (a) Stress S33, (b) Strain 
E33, (c) DAMAGEC and (d) PEMAG along the span of specimen HDN=0 
at ULS (e) Values for S22, E33 and PEMAG 
  
(a) (b) 
 (c) 
 
Figure 7.19: Abaqus predictions describing the distribution of (a) AC Yield and (b) Max 
Principal Stress developing within the reinforcement bars of specimen 
HDN=0 at ULS (c) Values for AC YIELD and S, Max 
Finally Figure 7.19(a) presented the AC YIELD, actively yielding (changes during each 
increment) and Figure 7.19(b) presented the maximum principal stress (i.e., S, Max) of 
the longitudinal and the transverse steel bars at ULS. 
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(a) SAP Result (b) ABAQUS Result 
 
(c) ANN-FE Result 
Figure 7.20: Comparative Studies between the predictions obtained from (a) SAP 2000, 
(b) ABAQUS and (c) the ANN-FE Tool describing the damage (cracking) 
developing along specimen HDN=0 at ULS 
 
Figure 7.21: Comparison of Load-Deflection curves obtained from (a) SAP2000, (b) 
ABAQUS and (c) the ANN-FEA model describing the behaviour of 
specimen HDN=0 at ULS 
Figures 7.20 and 7.21 described the comparison between the predictions obtained from 
SAP2000, ABAQUS and the proposed ANN-FE for the case of specimen HDN=0 kN. 
Figure 7.20(a) described the location and state of the plastic hinges developing based on 
the pushover analysis carried out by SAP 2000 when assuming that the specimen fails 
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in flexure. Figure 7.20(b) described the level and extent of damage predicted by 
ABAQUS to be sustained by the concrete medium of the specimen when approaching 
the ULS. Figure 7.20(c) described the failure mode and the associated crack patterns 
predicted by the ANN-FE. It is observed that the cracking profile and the associated 
mode of failure predicted by the proposed ANN-FEA procedure is in agreement those 
established experimentally. Figure 7.21 presented the comparison between the load-
deflection curves predicted by SAP2000, ABAQUS and the proposed ANN-FEA 
method. The predictions of SAP 2000 overestimate the predictions concerning load-
carrying capacity obtained from ABAQUS and the ANN-FEA procedure. It is also 
interesting to note that the predictions form latter two packages correlate closely. 
  
(a) (b) 
  
(c) (d) 
   (e) 
Figure 7.22: Abaqus predictions describing the distribution of (a) Stress S33, (b) Strain 
E33, (c) DAMAGEC and (d) PEMAG developing along specimen 
HDN=180 at ULS (e) Values for S22, E33 and PEMAG 
From Figures 7.22 and 7.23 described the different results of ABAQUS model of the 
indeterminate beam with HDN=180 kN. Figure 7.22(a) described the principal stress, 
i.e. S33 developing at the ULS along the full span of the beam considered and Figure 
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7.22(b) provided a description of the associated principal elastic strain along the length 
of the member, i.e. E33. From these figures, the maximum values of the stress and strain 
are located near the point load and the support. Similarly, Figure 7.22(c) described the 
level of damage in compression (i.e., DAMAGEC) sustained by the concrete along the 
full span of the beam once reaching the ULS and Figure 7.22(d) described the plastic 
strain magnitude (i.e., PEMAG) along the length of the member. Finally Figure 7.23(a) 
presented the AC YIELD, actively yielding (changes during each increment) and Figure 
7.23(b) presented the maximum principal stress (i.e., S, Max) of the longitudinal and the 
transverse steel bars at ULS. 
  
(a) (b) 
 (c) 
 
Figure 7.23: Abaqus predictions describing the distribution of (a) AC Yield and (b) Max 
Principal Stress developing along the reinforcement bars of specimen RC 
HDN=180 at ULS (c) Values for AC YIELD and S, Max 
  
(a) SAP Result (b) ABAQUS Result 
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(c) ANN-FE Result 
Figure 7.24: Comparative Studies between the predictions obtained from (a) SAP 2000, 
(b) ABAQUS and (c) the ANN-FE Tool describing the damage (cracking) 
developing along specimen HDN=180 at ULS 
From Figures 7.24 and 7.25 described the comparative studies of the SAP2000, 
ABAQUS and the proposed ANN-FE for the case of the indeterminate beam with 
HDN=180 kN. Figure 7.24(a) described the location and state of the plastic hinges from 
the SAP 2000 analysis and Figure 7.24(b) described the principal damage state of the 
ABAQUS model and Figure 7.24(c) described the failure criteria from the analysis of 
the ANN-FE. As the crack formation of the proposed ANN-FE is closed to the crack 
formation of the experimental results. Similarly, Figure 7.25 described the comparison 
of the load-deflection of the SAP 2000, ABAQUS and proposed ANN-FE. The 
predictions of SAP 2000 overestimate the predictions concerning load-carrying capacity 
obtained from ABAQUS and the ANN-FEA procedure. It is also interesting to note that 
the predictions form latter two packages correlate closely. 
 
Figure 7.25: Comparison of Load-Deflection curves obtained from (a) SAP2000, (b) 
ABAQUS and (c) the ANN-FEA model describing the behaviour of 
specimen HDN=180 at ULS 
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7.5.3 Shear Critical Models (By using Double spacing of stirrups) 
In this section, the same above practice is repeated but with double spacing of the 
stirrups as compare to the control model. By doing this, these models have 50 % less 
transverse reinforcement as compare to the original models (i.e., CM-0 and CM-180). 
Table 7.2 described the symbols for the indeterminate RC beam, double spacing (DS) of 
all three cases of the axial load, i.e., DSN=0 kN and DSN=180 kN. Figure 7.26 
described the detail of the transverse reinforcement for all the modified cases as 
compared to original models. 
 
Figure 7.26: Design details of the indeterminate specimens investigated experimentally 
for DSN=0 k and DSN=180 kN 
  
(a) (b) 
  
(c) (d) 
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   (e) 
Figure 7.27: Abaqus predictions describing the distribution of (a) Stress S33, (b) Strain 
E33, (c) DAMAGEC and (d) PEMAG along the span of specimen DSN=0 
at ULS (e) Values for S22, E33 and PEMAG 
From Figures 7.27 and 7.28 illustrated the different results of ABAQUS model of the 
indeterminate beam with DSN=0 kN. Figure 7.27(a) described the principal stress, i.e., 
S33 developing along the full length of the beam at ULS whereas Figure 7.27(b) 
described the associated principal elastic strain along the length of the member, i.e., 
E33. From these figures, the maximum values of the stress and strain are located near 
the point load and the support. Similarly, Figure 7.27(c) described the level of damage 
in compression (i.e., DAMAGEC) sustained by the concrete along the full span of the 
beam once reaching the ULS and Figure 7.27(d) described the plastic strain magnitude 
(i.e., PEMAG) along the length of the member. Finally Figure 7.28(a) presented the AC 
YIELD, actively yielding (changes during each increment) and Figure 7.28(b) presented 
the maximum principal stress (i.e., S, Max) of the longitudinal and the transverse steel 
bars at ULS. 
  
(a) (b) 
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 (c) 
Figure 7.28: Abaqus predictions describing the distribution of (a) AC Yield and (b) Max 
Principal Stress developing within the reinforcement bars of specimen 
DSN=0 at ULS (c) Values for AC YIELD and S, Max 
 
 
(a) SAP Result (b) ABAQUS Result 
 
(c) ANN-FE 
Figure 7.29: Comparative Studies between the predictions obtained from (a) SAP 2000, 
(b) ABAQUS and (c) the ANN-FE Tool describing the damage (cracking) 
developing along specimen DSN=0 at ULS 
From Figures 7.29 and 7.30 illustrated the comparative studies of the SAP2000, 
ABAQUS and the proposed ANN-FE for the case of the indeterminate beam with 
DSN=0 kN. Figure 7.29(a) described the location and state of the plastic hinges from 
the SAP 2000 analysis and Figure 7.29(b) described the principal damage state of the 
model and Figure 7.29(c) described the failure criteria from the analysis of the ANN-
FE. As the crack formation of the proposed ANN-FE is closed to the crack formation of 
the experimental results. Similarly, Figure 7.30 described the comparison of the load-
deflection of the SAP 2000, ABAQUS and proposed ANN-FE. The predictions of SAP 
2000 overestimate the predictions concerning load-carrying capacity obtained from 
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ABAQUS and the ANN-FEA procedure. It is also interesting to note that the predictions 
form latter two packages correlate closely. 
 
Figure 7.30: Comparison of Load-Deflection curves obtained from (a) SAP2000, (b) 
ABAQUS and (c) the ANN-FEA model describing the behaviour of 
specimen DSN=0 at ULS 
From Figures 7.31 and 7.32 illustrated the different results of ABAQUS model of the 
indeterminate beam with DSN=180 kN. Figure 7.31(a) described the principal stress, 
i.e., S33 developing at the ULS along the full span of the beam considered and Figure 
7.31(b) provided a description of the associated principal elastic strain along the length 
of the member, i.e., E33. From these figures, the maximum values of the stress and 
strain are located near the point load and the support. Similarly, Figure 7.31(c) 
described the level of damage in compression (i.e., DAMAGEC) sustained by the 
concrete along the full span of the beam once reaching the ULS and Figure 7.31(d) 
described the plastic strain magnitude (i.e., PEMAG) along the length of the member. 
Finally Figure 7.32(a) presented the AC YIELD, actively yielding (changes during each 
increment) and Figure 7.32(b) presented the maximum principal stress (i.e., S, Max) of 
the longitudinal and the transverse steel bars at ULS. 
  
(a) (b) 
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(c) (d) 
   
Figure 7.31: Abaqus predictions describing the distribution of (a) Stress S33, (b) Strain 
E33, (c) DAMAGEC and (d) PEMAG along the span of specimen 
DSN=180 at ULS (e) Values for S22, E33 and PEMAG 
  
(a) (b) 
 (c) 
 
Figure 7.32: Abaqus predictions describing the distribution of (a) AC Yield and (b) Max 
Principal Stress developing within the reinforcement bars of specimen 
DSN=180 at ULS (c) Values for AC YIELD and S, Max 
From Figures 7.33 and 7.34 illustrated the comparative studies of the SAP2000, 
ABAQUS and the proposed ANN-FE for the case of the indeterminate beam with 
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DSN=180 kN. Figure 7.33(a) described the location and state of the plastic hinges from 
the SAP 2000 analysis and Figure 7.33(b) described the principal damage state of the 
model and Figure 7.33(c) described the failure criteria from the analysis of the ANN-
FE. As the crack formation of the proposed ANN-FE is closed to the crack formation of 
the experimental results. Similarly, Figure 7.34 described the comparison of the load-
deflection of the SAP 2000, ABAQUS and proposed ANN-FE. The predictions of SAP 
2000 overestimate the predictions concerning load-carrying capacity obtained from 
ABAQUS and the ANN-FEA procedure. It is also interesting to note that the predictions 
form latter two packages correlate closely. 
 
 
(a) SAP Result (b) ABAQUS Result 
 
(c) ANN-FE 
Figure 7.33: Comparative Studies between the predictions obtained from (a) SAP 2000, 
(b) ABAQUS and (c) the ANN-FE Tool describing the damage (cracking) 
developing along specimen DSN=180 at ULS 
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Figure 7.34: Comparison of Load-Deflection curves obtained from (a) SAP2000, (b) 
ABAQUS and (c) the ANN-FEA model describing the behaviour of 
specimen DSN=180 at ULS 
Besides the accurate prediction of the proposed method the important outcome is the 
analysis time which was required to solve these problems. Table 7.2 described the 
information about the time required by the above three mentioned procedure, i.e. SAP 
2000 (industrial tool), ABAQUS (research tool) and the proposed ANN-FEA tool. The 
proposed method required the almost the same time as the analysis carried out by SAP 
2000 which was only a fraction (4.6 %) of the analysis time required by ABAQUS to 
solve the same problem. 
Table 7.2: Analysis Time for the case of IDB N=0 and N=180 
Sr. No Tools Analysis Time of Models with DS 
1 SAP 2000 3 Minutes 
2 ABAQUS 120 Minutes 
3 ANN-FE 5 Minutes 
7.6 Case Study-II: Assessment of a Single Story Single Bay (SSSB) RC Frame 
The second case study considered in order to assess the ability of the proposed ANN-FE 
method to provide accurate predictions of RC structural response is associated with the 
assessment of the behavior of a Single Story Single Bay (SSSB) RC frame, the behavior 
of which was experimentally established by Shame et al. [135]. The design details 
associated with the subject frame as shown in Figure 7.35. The experimental result 
revealed that the subject frame is expected to exhibit ductile behavior and ultimately fail 
in flexure. As a result, a parametric study is carried out in which the amount of stirrup 
available in the beams and columns are gradually reduced (by reducing the diameter of 
the stirrups or increasing their spacing) in order to promote a shear critical mode of 
failure (see Table 7.3). 
Table 7.3: Case Studies of SSSB RC Frame SF 
Sr. No Description Models 
1 Control Model C-SF 
Chapter 7- Application of ANN-FEA model for Assessing the Structural Response 
249 
2 Half Diameter of Stirrups in Beam HDB-SF 
3 Half Diameter of Stirrups in Beam and Columns HDBC-SF 
3 Double spacing of Stirrups in Beam and Columns DSBC-SF 
7.6.1 Frame specimen SSSB-SF 
Figure 7.35 provided the design detail of frame specimen C-SF. The compressive 
strength of the concrete of the frame was 28 MPa and the yield strength of the 
longitudinal (D12 & D10) and transverse (D6) reinforcement bars was 550 MPa. During 
testing the specimen was subjected to cyclic loading applied in displacement increments 
(displacement control) via a hydraulic jack controlled by a displacement controller 
[135]. 
 
Figure 7.35: Sectional and reinforcement detail of the SSSB RC Frame C-SF [135] 
 
Figure 7.36: Failure state of SSSB RC Frame C-SF, cracks started at the base of column 
and ultimate failure occurred at the beam-column connection [135] 
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(c) (d) 
   (e) 
Figure 7.37: Abaqus predictions describing the distribution of (a) Stress S33, (b) Strain 
E33, (c) DAMAGEC and (d) PEMAG along the span of specimen SSSB 
RC Frame C-SF at ULS (e) Values for S22, E33 and PEMAG 
Frame C-SF which is considered as the control specimen in the present study due to the 
availability of test data. Flexural cracking developed close to the base of the columns 
when the top of the specimen was subjected to a horizontal displacement of 6 mm. As 
the lateral load imposed increased, other cracks appeared near the beam-column 
connection. When subjected to higher levels of loading diagonal cracks began to form 
toward the top of columns ultimately extending within the beam-column column joint 
regions. Finally, the failure took place due to the shear failure of the connections as 
shown in Figure. 7.36. Figures 7.37 and 7.38 described the predictions obtained from 
ABAQUS describing certain aspects of the behaviour of the subject frame (C-SF) when 
approaching ULS. Figure 7.37(a) described the principal stress, i.e. S33 developing 
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along the RC frame at ULS whereas Figure 7.37(b) described the associated principal 
elastic strain along the RC frame, i.e. E33. 
  
(a) (b) 
 (c) 
Figure 7.38: Abaqus predictions describing the distribution of (a) AC Yield and (b) Max 
Principal Stress developing within the reinforcement bars of specimen 
SSSB RC Frame C-SF at ULS (c) Values for AC YIELD and S, Max 
  
(a) Experimental Result (b) SAP Result 
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(c) ABAQUS Result (d) ANN-FE Result 
Figure 7.39: Comparative Studies between the predictions obtained from (a) the test, (b) 
SAP 2000, (c) ABAQUS and (d) the ANN-FE Tool describing the damage 
(cracking) developing along specimen SSSB RC Frame C-SF at ULS 
 
Figure 7.40: Comparison of Load-Deflection curves obtained from (a) the experiments, 
(b) SAP2000, (c) ABAQUS and (d) the ANN-FEA model describing the 
behaviour of specimen SSSB RC Frame C-SF at ULS 
For principal stress and strain, the positive value (+) shows the tensile value and the 
negative value (-) shows the compressive value. From these Figures, the maximum 
values of the stress and strain are located at the base of the column and the beam-
column joint. Figure 7.37(c) described the level of damage in compression (i.e., 
DAMAGEC) sustained by the concrete along the frame at the ULS and Figure 7.37(d) 
described the plastic strain magnitude (i.e., PEMAG) along the frame at the ULS. 
Finally Figure 7.38(a) presented the AC YIELD, actively yielding (changes during each 
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increment) and Figure 7.38(b) presented the maximum principal stress (i.e., S, Max) of 
the longitudinal and the transverse steel bars of the frame at the ULS. 
Figures 7.39 and 7.40 illustrated a comparative study between the available 
experimental results and the numerical predictions obtained from SAP2000, ABAQUS 
and the proposed ANN-FEA method for the case of the SSSB RC frame C-SF. Figure 
7.39(a) described the experimentally established crack distribution of the subject RC 
frame structure and Figure 7.39(b) provided the predictions obtained from the pushover 
analysis carried out by SAP-2000 concerning the location and type of the plastic hinges 
(i.e., associated with B, IO, LS, CP, D, and E as described earlier) at ULS. Figure 
7.39(c) described level and extent of damage predicted by ABAQUS to be suffered by 
the frame. Figure 7.39(d) described the crack-patterns associated with the failure mode 
predicted by the ANN-FEA method which is in agreement with the experimentally 
established crack patterns. Figure 7.40 described a comparison of the load-deflection 
curves describing the overall behaviour of the RC frames presently considered 
(throughout the loading process) predicted by SAP-2000, ABAQUS and the proposed 
ANN-FEA method with the load-deflection curves recorded during testing. The 
predictions obtained from SAP-2000 overestimate the load-carrying capacity 
established experimentally. However the results obtained from ABAQUS and the ANN-
FEA model provide a closer fit to the experimentally established behaviour. 
7.6.2 SSSB Half Diameter of Stirrup in Beam HDB-SF  
Considering that the ANN-FEA models are developed for realistically predicting shear 
critical modes of failure, the models developed for investigating the RC frame in the 
previous section are used to predict the behavior of the same structure (i.e. SSSB RC 
Frame C-SF) with the half diameter of the stirrups in beam only i.e. HDB-SF, as 
compare to the above discussed control models as described in the Table 7.3. By doing 
this these models have 75% less transverse reinforcement as compared to the original 
frame investigated experimentally in beam only as shown in the Figure 7.41. Figure 
7.41 showed the detail of the transverse reinforcement for the modified frame presently 
considered. 
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Figure 7.41: Reinforcement details of SSSB RC Frame HDB-SF 
  
(a) (b) 
 
 
(c) (d) 
   (e) 
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Figure 7.42: Abaqus predictions describing the distribution of (a) Stress S33, (b) Strain 
E33, (c) DAMAGEC and (d) PEMAG along the span of specimen SSSB 
RC Frame HDB-SF at ULS (e) Values for S22, E33 and PEMAG 
  
(a) (b) 
 (c) 
 
Figure 7.43: Abaqus predictions describing the distribution of (a) AC Yield and (b) Max 
Principal Stress developing within the reinforcement bars of specimen 
SSSB RC Frame HDB-SF at ULS (c) Values for AC YIELD and S, Max 
Figures 7.42 and 7.43 described the comparison of the predictions obtained from 
ABAQUS concerning the behaviour of the modified specimens (SSSB RC frame HDB-
SF). Figure 7.42(a) described the principal stress, i.e. S33 developing along the RC 
frame at ULS whereas Figure 7.42(b) described the associated principal elastic strain 
along the RC frame, i.e. E33. For principal stress and strain, the positive value (+) 
shows the tensile value and the negative value (-) shows the compressive value. From 
these figures, the maximum values of the stress and strain are located at the base of the 
column and the beam-column joint. 
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(a) SAP Result (b) ABAQUS Result 
 
(c) ANN-FE Result 
Figure 7.44: Comparative Studies between the predictions obtained from (a) SAP 2000, 
(b) ABAQUS and (c) the ANN-FE Tool describing the damage (cracking) 
developing along specimen SSSB RC Frame HDB-SF at ULS 
Figure 7.42(c) described the level of damage in compression (i.e., DAMAGEC) 
sustained by the concrete along the frame at the ULS and Figure 7.42(d) described the 
plastic strain magnitude (i.e., PEMAG) along the frame at the ULS. Finally Figure 
7.43(a) presented the AC YIELD, actively yielding (changes during each increment) 
and Figure 7.43(b) presented the maximum principal stress (i.e., S, Max) of the 
longitudinal and the transverse steel bars of the frame at the ULS. 
Figures 7.44 and 7.45 present a comparative study between the predictions obtained 
from SAP2000, ABAQUS and the proposed ANN-FEA model for the case of the 
modified frame presently considered (SSSB RC frame HDB-SF). Figure 7.44(a) 
provided a prediction obtained by the push-over analysis carried out by SAP 2000 
concerning the location and state of the plastic hinges (i.e., B, IO, LS, CP, D, and E as 
described earlier) at ULS expected to form along the members of the frame prior to 
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failure. Figure 7.44(b) described the predictions obtained by ABAQUS concerning the 
level and extent of damage expected to be sustained along the members of the modified 
frame. Figure 7.44(c) described the predicted cracking profile associated with the model 
of failure expected to develop by the ANN-FEA model. 
 
Figure 7.45: Comparison of Load-Deflection curves obtained from (a) SAP2000, (b) 
ABAQUS and (c) the ANN-FEA model describing the behaviour of 
specimen SSSB RC Frame HDB-SF at ULS 
Similarly, Figure 7.45 described the comparison of the load-deflection of the SAP 2000, 
ABAQUS and proposed ANN-FE. The predictions of SAP 2000 overestimate the 
predictions concerning load-carrying capacity obtained from ABAQUS and the ANN-
FEA procedure. It is also interesting to note that the predictions form latter two 
packages correlate closely. 
7.6.3 SSSB Half Diameter of Stirrup in Beam and Columns HDBC-SF 
Considering that the ANN-FEA models are developed for realistically predicting shear 
critical modes of failure, the models developed for investigating the RC frame in the 
previous section are used to predict the behavior of the same structure (i.e. SSSB RC 
Frame C-SF) with the half diameter of the stirrups in beam and columns i.e. HDBC-SF, 
as compare to the above discussed control models as described in the Table 7.3. By 
doing this these models have 75% less transverse reinforcement as compared to the 
original frame investigated experimentally in beam and columns as shown in the Figure 
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7.46. Figure 7.46 showed the detail of the transverse reinforcement for the modified 
frame presently considered. 
 
Figure 7.46: Reinforcement details of SSSB RC Frame HDBC-SF 
  
(a) (b) 
  
(c) (d) 
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   (e) 
Figure 7.47: Abaqus predictions describing the distribution of (a) Stress S33, (b) Strain 
E33, (c) DAMAGEC and (d) PEMAG along the span of specimen SSSB 
RC Frame HDBC-SF at ULS (e) Values for S22, E33 and PEMAG 
  
(a) (b) 
 (c)  
Figure 7.48: Abaqus predictions describing the distribution of (a) AC Yield and (b) Max 
Principal Stress developing within the reinforcement bars of specimen 
SSSB RC Frame HDBC-SF at ULS (c) Values for AC YIELD and S, Max 
Figures 7.47 and 7.48 illustrated a comparison of the predictions obtained from 
ABAQUS concerning the behaviour of the modified specimens (SSSB RC frame 
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HDBC-SF). Figure 7.47(a) described the principal stress, i.e. S33 developing along the 
RC frame at ULS whereas Figure 7.47(b) described the associated principal elastic 
strain along the RC frame, i.e. E33. For principal stress and strain, the positive value (+) 
shows the tensile value and the negative value (-) shows the compressive value. From 
these figures, the maximum values of the stress and strain are located at the base of the 
column and the beam-column joint. Figure 7.47(c) described the level of damage in 
compression (i.e., DAMAGEC) sustained by the concrete along the frame at the ULS 
and Figure 7.47(d) described the plastic strain magnitude (i.e., PEMAG) along the 
frame at the ULS. Finally Figure 7.48(a) presented the AC YIELD, actively yielding 
(changes during each increment) and Figure 7.48(b) presented the maximum principal 
stress (i.e., S, Max) of the longitudinal and the transverse steel bars of the frame at the 
ULS. 
  
(a) SAP Result (b) ABAQUS Result 
 
(c) ANN-FE Result 
Figure 7.49: Comparative Studies between the predictions obtained from (a) SAP 2000, 
(b) ABAQUS and (c) the ANN-FE Tool describing the damage (cracking) 
developing along specimen SSSB RC Frame HDBC-SF at ULS 
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Figures 7.49 and 7.50 presented a comparative study between the predictions obtained 
from SAP2000, ABAQUS and the proposed ANN-FEA model for the case of the 
modified frame presently considered (SSSB RC frame HDBC-SF). Figure 7.49(a) 
provided a prediction obtained by the push-over analysis carried out by SAP 2000 
concerning the location and state of the plastic hinges (i.e., B, IO, LS, CP, D, and E as 
described earlier) at ULS expected to form along the members of the frame prior to 
failure. Figure 7.49(b) described the predictions obtained by ABAQUS concerning the 
level and extent of damage expected to be sustained along the members of the modified 
frame. Figure 7.49(c) described the predicted cracking profile associated with the model 
of failure expected to develop by the ANN-FEA model. Similarly, Figure 7.50 
described the comparison of the load-deflection of the SAP 2000, ABAQUS and 
proposed ANN-FE. The predictions of SAP 2000 overestimate the predictions 
concerning load-carrying capacity obtained from ABAQUS and the ANN-FEA 
procedure. It is also interesting to note that the predictions form latter two packages 
correlate closely. 
 
Figure 7.50: Comparison of Load-Deflection curves obtained from (a) SAP2000, (b) 
ABAQUS and (c) the ANN-FEA model describing the behaviour of 
specimen SSSB RC Frame HDBC-SF at ULS 
7.6.4 SSSB Double spacing of Stirrup in Beam and Columns DSBC-SF 
Considering that the ANN-FEA models are developed for realistically predicting shear 
critical modes of failure, the models developed for investigating the RC frame in the 
previous section are used to predict the behavior of the same structure (i.e., SSSB RC 
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Frame C-SF) by increasing the spacing twice of the stirrups in beams and columns as 
DSBC-SF as discussed in Table 7.3. By doing this, these models have 50 % less 
transverse reinforcement in beam and column as compare to the original models. Figure 
7.51 showed the detail of the transverse reinforcement for this modified frame presently 
considered. 
 
Figure 7.51: Reinforcement details of SSSB RC Frame DSBC-SF 
  
(a) (b) 
  
(c) (d) 
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   (e) 
Figure 7.52: Abaqus predictions describing the distribution of (a) Stress S33, (b) Strain 
E33, (c) DAMAGEC and (d) PEMAG developing along specimen SSSB 
RC Frame DSBC-SF at ULS (e) Values for S22, E33 and PEMAG 
Figures 7.52 and 7.53 illustrated a comparison of the predictions obtained from 
ABAQUS concerning the behaviour of the modified specimens (SSSB RC frame 
DSBC-SF). Figure 7.52(a) described the principal stress, i.e. S33 developing along the 
RC frame at ULS whereas Figure 7.52(b) described the associated principal elastic 
strain along the RC frame, i.e. E33. For principal stress and strain, the positive value (+) 
shows the tensile value and the negative value (-) shows the compressive value. From 
these figures, the maximum values of the stress and strain are located at the base of the 
column and the beam-column joint. Figure 7.52(c) described the level of damage in 
compression (i.e., DAMAGEC) sustained by the concrete along the frame at the ULS 
and Figure 7.52(d) described the plastic strain magnitude (i.e., PEMAG) along the 
frame at the ULS. Finally Figure 7.53(a) presented the AC YIELD, actively yielding 
(changes during each increment) and Figure 7.53(b) presented the maximum principal 
stress (i.e., S, Max) of the longitudinal and the transverse steel bars of the frame at the 
ULS. 
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(a) (b) 
 (c) 
Figure 7.53: Abaqus predictions describing the distribution of (a) AC Yield and (b) Max 
Principal Stress developing along the reinforcement bars of specimen 
SSSB RC Frame DSBC-SF at ULS (c) Values for AC YIELD and S, Max 
Figures 7.54 and 7.55 presented a comparative study between the predictions obtained 
from SAP2000, ABAQUS and the proposed ANN-FEA model for the case of the 
modified frame presently considered (SSSB RC frame HDB). Figure 7.54(a) provided a 
prediction obtained by the push-over analysis carried out by SAP 2000 concerning the 
location and state of the plastic hinges (i.e., B, IO, LS, CP, D, and E as described 
earlier) at ULS expected to form along the members of the frame prior to failure. Figure 
7.54(b) described the predictions obtained by ABAQUS concerning the level and extent 
of damage expected to be sustained along the members of the modified frame. Figure 
7.54(c) described the predicted cracking profile associated with the model of failure 
expected to develop by the ANN-FEA model. Similarly, Figure 7.55 described the 
comparison of the load-deflection of the SAP 2000, ABAQUS and proposed ANN-FE. 
The predictions of SAP 2000 overestimate the predictions concerning load-carrying 
capacity obtained from ABAQUS and the ANN-FEA procedure. It is also interesting to 
note that the predictions form latter two packages correlate closely. 
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(a) SAP Result (b) ABAQUS Result 
 
(c) ANN-FE Result 
Figure 7.54: Comparative Studies between the predictions obtained from (a) SAP 2000, 
(b) ABAQUS and (c) the ANN-FE Tool describing the damage (cracking) 
developing along specimen SSSB RC Frame DSBC-SF at ULS 
Apart the accuracy of the predictions obtained from the proposed ANN-FEA method 
another important factor to consider is the analysis time which required for solving the 
subject problems when employing the packages mentioned above. Table 7.4 provided 
the information about the time required by SAP 2000, ABAQUS and the proposed 
ANN-FE tool. The subject table reveals that the proposed method requires almost the 
same time as the push-over analysis carried out by SAP-2000 and 3.34 % of the analysis 
time needed by ABAQUS. 
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Figure 7.55: Comparison of Load-Deflection curves obtained from (a) SAP2000, (b) 
ABAQUS and (c) the ANN-FEA model describing the behaviour of 
specimen SSSB RC Frame DSBC-SF at ULS 
Table 7.4: Analysis Time for the case of SSSB RC Frame SF  
Sr. No Tools Analysis Time of SF Frame 
1 SAP 2000 5 Minutes 
2 ABAQUS 240 Minutes 
3 ANN-FE 8 Minutes 
7.7 Case Study-III Double Story Single Bay (DSSB) RC Frame  
The third cases considered in order to assess the applicability of the proposed ANN-FE 
model is the Double-Storey Single-Bay (DSSB) RC frame specimen the behavior of 
which was established experimentally by Vecchio and Emara in 1992 [136]. The subject 
frame differs from the other specimen investigation carried by Vecchio Group [137] in 
three important aspects: the frame was flexure-critical with well-confined cross 
sections; the beams’ span-depth ratios were larger at 8.75; and, lastly, higher column 
axial loads were applied, as shown in Figure 7.55(d) symbolized by EF. The 
experimental and numerical results showed that this frame was failed in the flexural 
manner, thus after developing FEA models on ABAQUS capable of providing 
predictions that form a close fit to the experimentally established behaviour, these 
models are then used to carry out a parametric study in which the diameter and spacing 
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of the stirrups are reduced in order to promote a shear critical failure mode. The case 
studies considered are as described in Table 7.5. 
Table 7.5: Case Studies of DSSB RC Frame EF 
Sr. No Description Models 
1 Control Model C-EF 
2 Half Diameter of Stirrups in Beam HDB-EF 
3 Half Diameter of Stirrups in Beam and Columns HDBC-EF 
3 Double spacing of Stirrups in Beam and Columns DSBC-EF 
7.7.1 Control Models of DSSB-EF 
The test model chosen for study was the large-scale, one-span, two-story plane frame 
shown in Figure. 7.56. The frame was designed with a centre-to-centre span of 3500 
mm, a story height of 2000 mm, and an overall height of 4600 mm. All frame members 
had the width of 300 mm and depth 400 mm and the reinforcement details were shown 
in Figure 7.56. The concrete was found to have a compressive strength of 30 Mpa and 
the yield strength of the steel bars were 596 Mpa for No.10 and 640 Mpa for No.20 
bars. During the testing sequence involved first applying a total axial load of 700 kN to 
each column and maintaining this load in a force-controlled mode throughout the test. 
The lateral load was then monotonically applied, in a stroke-controlled mode, until the 
ultimate capacity of the frame was achieved. The overall load-deformation response of 
the test frame is summarized in Figure. 7.61. The measured lateral displacement is 
plotted at the top of the frame versus the applied lateral load. Key load stages in the test 
are indicated. 
The frame experienced first cracking at a load of 52.5 kN; flexural cracks were 
observed in the first-story beam at the north, as mentioned in the Figure 7.56. After that, 
flexural cracking at the base of the columns occurred at a load of 145 kN. At this load, 
the first web-shear cracks in the first-story beam were also detected. Thereafter, the 
response of the structure became progressively softer as cracking propagated throughout 
all members. At a load of 264 kN, strain gages indicated that first yielding occurred in 
the bottom longitudinal reinforcement at the north end of the first-story beam. Yielding 
in the top reinforcement at the south end of the beam occurred shortly after, at a load of 
287 kN.  
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Figure 7.56: Reinforcement details of DSSB RC Frame C-EF [136] 
 
 
(a) (b) 
Figure 7.57: Cracks pattern during experimental at (a) Top left of the beam-column 
Joint-2N and (b) bottom right column-BS of DSSB RC Frame C-EF [136] 
This resulted in a perceptible drop in the frame's lateral stiffness. Yielding at the base of 
both columns, and hinging (i.e., yielding of both compression and tension reinforcement 
and concrete crushing) at both ends of the first-story beam occurred as the load 
approached 323 kN. Shortly after, at a load of 329 kN, concrete crushing and hinging 
was evident at the base of the columns. At about the same time, yielding and hinging 
developed at both ends of the top-story beam as shown in Figure 7.57. The failure 
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mechanism involved ductile hinging at the ends of the beams and at the bases of the 
columns, with the hinges forming in quick succession as the ultimate load was 
approached. While some shear cracking was observed in the beams and in the columns, 
the failure mode in each member was predominantly flexural. 
  
(a) (b) 
  
(c) (d) 
   (e) 
Figure 7.58: Abaqus predictions describing the distribution of (a) Stress S33, (b) Strain 
E33, (c) DAMAGEC and (d) PEMAG developing along specimen DSSB 
RC Frame C-EF at ULS (e) Values for S22, E33 and PEMAG 
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Figures 7.58 and 7.59 illustrated the predictions obtained from ABAQUS describing 
certain aspects of the behaviour of the subject frame (C-EF) when approaching ULS. 
Figure 7.58(a) described the principal stress, i.e. S33 developing along the RC frame at 
ULS whereas Figure 7.58(b) described the associated principal elastic strain along the 
RC frame, i.e. E33. For principal stress and strain, the positive value (+) shows the 
tensile value and the negative value (-) shows the compressive value. From these 
figures, the maximum values of the stress and strain are located at the base of the 
column and the beam-column joint. Figure 7.58(c) described the level of damage in 
compression (i.e., DAMAGEC) sustained by the concrete along the frame at the ULS 
and Figure 7.58(d) described the plastic strain magnitude (i.e., PEMAG) along the 
frame at the ULS. Finally Figure 7.59(a) presented the AC YIELD, actively yielding 
(changes during each increment) and Figure 7.59(b) presented the maximum principal 
stress (i.e., S, Max) of the longitudinal and the transverse steel bars of the frame at the 
ULS. 
  
(a) (b) 
 (c) 
Figure 7.59: Abaqus predictions describing the distribution of (a) AC Yield and (b) Max 
Principal Stress developing along the reinforcement bars of specimen 
DSSB RC Frame C-EF at ULS (c) Values for AC YIELD and S, Max 
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Figures 7.60 and 7.61 illustrated a comparative study between the available 
experimental results and the numerical predictions obtained from SAP2000, ABAQUS 
and the proposed ANN-FEA method for the case of the DSSB RC C-EF. Figure 7.60(a) 
described the experimentally established crack distribution of the subject RC frame 
structure and Figure 7.60(b) provided the predictions obtained from the pushover 
analysis carried out by SAP-2000 concerning the location and type of the plastic hinges 
(i.e., associated with B, IO, LS, CP, D, and E as described earlier) at ULS. Figure 
7.60(c) described level and extent of damage predicted by ABAQUS to be suffered by 
the frame. Figure 7.60(d) described the crack-patterns associated with the failure mode 
predicted by the ANN-FEA method which is in agreement with the experimentally 
established crack patterns.  
  
(a) Experimental Result (b) SAP Result 
  
(c) ABAQUS Result (d) ANN-FE Result 
Figure 7.60: Comparative Studies between the predictions obtained from (a) the test, (b) 
SAP 2000, (c) ABAQUS and (d) the ANN-FE Tool describing the damage 
(cracking) developing along specimen DSSB RC Frame C-EF at ULS 
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Figure 7.61 described a comparison of the load-deflection curves describing the overall 
behaviour of the RC frames presently considered (throughout the loading process) 
predicted by SAP-2000, ABAQUS and the proposed ANN-FEA method with the load-
deflection curves recorded during testing. The predictions obtained from SAP-2000 
overestimate the load-carrying capacity established experimentally. However the results 
obtained from ABAQUS and the ANN-FEA model provide a closer fit to the 
experimentally established behaviour. 
 
Figure 7.61: Comparison of Load-Deflection curves obtained from (a) the experiments, 
(b) SAP2000, (c) ABAQUS and (d) the ANN-FEA model describing the 
behaviour of specimen DSSB RC Frame C-EF at ULS 
 
Figure 7.62: Reinforcement details of DSSB RC Frame HDB-EF 
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7.7.2 DSSB Half Diameter of Stirrup in beams HDB-EF 
Considering that the ANN-FEA models are developed for realistically predicting shear 
critical modes of failure, the models developed for investigating the RC frame in the 
previous section are used to predict the behavior of the same structure (i.e. DSSB RC 
Frame C-EF) with the half diameter of the stirrups in beam only i.e. HDB-EF, as 
compare to the above discussed control models as described in the Table 7.5. By doing 
this these models have 75% less transverse reinforcement as compared to the original 
frame investigated experimentally in beam only as shown in the Figure 7.62. Figure 
7.62 showed the detail of the transverse reinforcement for the modified frame presently 
considered. 
  
(a) (b) 
  
(c) (d) 
Chapter 7- Application of ANN-FEA model for Assessing the Structural Response 
274 
   (e) 
Figure 7.63: Abaqus predictions describing the distribution of (a) Stress S33, (b) Strain 
E33, (c) DAMAGEC and (d) PEMAG along the span of specimen DSSB 
RC Frame HDB-EF at ULS (e) Values for S22, E33 and PEMAG 
Figures 7.63 and 7.64 illustrated the comparison of the predictions obtained from 
ABAQUS concerning the behaviour of the modified specimens (DSSB RC frame HDB-
EF). Figure 7.63(a) described the principal stress, i.e. S33 developing along the RC 
frame at ULS whereas Figure 7.63(b) described the associated principal elastic strain 
along the RC frame, i.e. E33. For principal stress and strain, the positive value (+) 
shows the tensile value and the negative value (-) shows the compressive value. From 
these figures, the maximum values of the stress and strain are located at the base of the 
column and the beam-column joint.  
  
(a) (b) 
Chapter 7- Application of ANN-FEA model for Assessing the Structural Response 
275 
 (c) 
Figure 7.64: Abaqus predictions describing the distribution of (a) AC Yield and (b) Max 
Principal Stress developing within the reinforcement bars of specimen 
DSSB RC Frame HDB-EF at ULS (c) Values for AC YIELD and S, Max 
  
(a) SAP Result (d) ABAQUS Result 
 
(c) ANN-FE Result 
Figure 7.65: Comparative Studies between the predictions obtained from (a) SAP 2000, 
(b) ABAQUS and (c) the ANN-FE Tool describing the damage (cracking) 
developing along specimen DSSB RC Frame HDB-EF at ULS 
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Figure 7.63(c) described the level of damage in compression (i.e., DAMAGEC) 
sustained by the concrete along the frame at the ULS and Figure 7.63(d) described the 
plastic strain magnitude (i.e., PEMAG) along the frame at the ULS. Finally Figure 
7.64(a) presented the AC YIELD, actively yielding (changes during each increment) 
and Figure 7.64(b) presented the maximum principal stress (i.e., S, Max) of the 
longitudinal and the transverse steel bars of the frame at the ULS. 
 
Figure 7.66: Comparison of Load-Deflection curves obtained from (a) SAP2000, (b) 
ABAQUS and (c) the ANN-FEA model describing the behaviour of 
specimen DSSB RC Frame HDB-EF at ULS 
Figures 7.65 and 7.66 presented the comparative study between the predictions obtained 
from SAP2000, ABAQUS and the proposed ANN-FEA model for the case of the 
modified frame presently considered (DSSB RC frame HDB-EF). Figure 7.65(a) 
provided a prediction obtained by the push-over analysis carried out by SAP 2000 
concerning the location and state of the plastic hinges (i.e., B, IO, LS, CP, D, and E as 
described earlier) at ULS expected to form along the members of the frame prior to 
failure. Figure 7.65(b) described the predictions obtained by ABAQUS concerning the 
level and extent of damage expected to be sustained along the members of the modified 
frame. Figure 7.65(c) described the predicted cracking profile associated with the model 
of failure expected to develop by the ANN-FEA model. Similarly, Figure 7.66 
described the comparison of the load-deflection of the SAP 2000, ABAQUS and 
proposed ANN-FE. The predictions of SAP 2000 overestimate the predictions 
concerning load-carrying capacity obtained from ABAQUS and the ANN-FEA 
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procedure. It is also interesting to note that the predictions form latter two packages 
correlate closely. 
7.7.3 DSSB Half Diameter of Stirrup in Beams and Columns HDBC-EF 
Considering that the ANN-FEA models are developed for realistically predicting shear 
critical modes of failure, the models developed for investigating the RC frame in the 
previous section are used to predict the behavior of the same structure (i.e. DSSB RC 
Frame C-EF) with the half diameter of the stirrups in beam and columns i.e. HDBC-EF, 
as compare to the above discussed control models as described in the Table 7.5. By 
doing this these models have 75% less transverse reinforcement as compared to the 
original frame investigated experimentally in beam and columns as shown in the Figure 
7.67. Figure 7.67 showed the detail of the transverse reinforcement for the modified 
frame presently considered. 
 
Figure 7.67: Reinforcement details of DSSB RC Frame HDBC-EF 
Figures 7.68 and 7.69 show a comparison of the predictions obtained from ABAQUS 
concerning the behaviour of the modified specimens (DSSB RC frame HDBC-EF). 
Figure 7.68(a) described the principal stress, i.e. S33 developing along the RC frame at 
ULS whereas Figure 7.68(b) described the associated principal elastic strain along the 
RC frame, i.e. E33. For principal stress and strain, the positive value (+) shows the 
tensile value and the negative value (-) shows the compressive value. From these 
figures, the maximum values of the stress and strain are located at the base of the 
column and the beam-column joint. 
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(a) (b) 
  
(c) (d) 
   (e) 
Figure 7.68: Abaqus predictions describing the distribution of (a) Stress S33, (b) Strain 
E33, (c) DAMAGEC and (d) PEMAG developing along specimen DSSB 
RC Frame HDBC-EF at ULS (e) Values for S22, E33 and PEMAG 
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(a) (b) 
 (c) 
Figure 7.69: Abaqus predictions describing the distribution of (a) AC Yield and (b) Max 
Principal Stress developing along the reinforcement bars of specimen 
DSSB RC Frame HDBC-EF at ULS (c) Values for AC YIELD and S, Max 
Figure 7.68(c) described the level of damage in compression (i.e., DAMAGEC) 
sustained by the concrete along the frame at the ULS and Figure 7.68(d) described the 
plastic strain magnitude (i.e., PEMAG) along the frame at the ULS. Finally Figure 
7.69(a) presented the AC YIELD, actively yielding (changes during each increment) 
and Figure 7.69(b) presented the maximum principal stress (i.e., S, Max) of the 
longitudinal and the transverse steel bars of the frame at the ULS. 
Chapter 7- Application of ANN-FEA model for Assessing the Structural Response 
280 
  
(a) SAP Result (d) ABAQUS Result 
 
(c) ANN-FE Result 
Figure 7.70: Comparative Studies between the predictions obtained from (a) SAP 2000, 
(b) ABAQUS and (c) the ANN-FE Tool describing the damage (cracking) 
developing along specimen DSSB RC Frame HDBC-EF at ULS 
Figures 7.70 and 7.71 presented a comparative study between the predictions obtained 
from SAP2000, ABAQUS and the proposed ANN-FEA model for the case of the 
modified frame presently considered (DSSB RC frame HDBC-EF). Figure 7.70(a) 
provided a prediction obtained by the push-over analysis carried out by SAP 2000 
concerning the location and state of the plastic hinges (i.e., B, IO, LS, CP, D, and E as 
described earlier) at ULS expected to form along the members of the frame prior to 
failure. Figure 7.70(b) described the predictions obtained by ABAQUS concerning the 
level and extent of damage expected to be sustained along the members of the modified 
frame. Figure 7.70(c) described the predicted cracking profile associated with the model 
of failure expected to develop by the ANN-FEA model. Similarly, Figure 7.71 
described the comparison of the load-deflection of the SAP 2000, ABAQUS and 
proposed ANN-FE. The predictions of SAP 2000 overestimate the predictions 
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concerning load-carrying capacity obtained from ABAQUS and the ANN-FEA 
procedure. It is also interesting to note that the predictions form latter two packages 
correlate closely. 
 
Figure 7.71: Comparison of Load-Deflection curves obtained from (a) SAP2000, (b) 
ABAQUS and (c) the ANN-FEA model describing the behaviour of 
specimen DSSB RC Frame HDBC-EF at ULS 
7.7.4 DSSB Double spacing of Stirrup in Beams and Columns DSBC-EF 
Considering that the ANN-FEA models are developed for realistically predicting shear 
critical modes of failure, the models developed for investigating the RC frame in the 
previous section are used to predict the behavior of the same structure (i.e., DSSB RC 
Frame C-EF) by increasing the spacing twice of the stirrups in beams and columns as 
DSBC-EF as discussed in Table 7.5. By doing this, these models have 50 % less 
transverse reinforcement in beam and column as compare to the original models. Figure 
7.72 showed the detail of the transverse reinforcement for this modified frame presently 
considered. 
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Figure 7.72: Reinforcement details of DSSB RC Frame DSBC-EF 
  
(a) (b) 
  
(c) (d) 
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   (e) 
Figure 7.73: Abaqus predictions describing the distribution of (a) Stress S33, (b) Strain 
E33, (c) DAMAGEC and (d) PEMAG along the span of specimen DSSB 
RC Frame DSBC-EF at ULS (e) Values for S22, E33 and PEMAG 
Figures 7.73 and 7.74 described a comparison of the predictions obtained from 
ABAQUS concerning the behaviour of the modified specimens (DSSB RC frame 
DSBC-EF). Figure 7.73(a) described the principal stress, i.e. S33 developing along the 
RC frame at ULS whereas Figure 7.73(b) described the associated principal elastic 
strain along the RC frame, i.e. E33. For principal stress and strain, the positive value (+) 
shows the tensile value and the negative value (-) shows the compressive value. From 
these figures, the maximum values of the stress and strain are located at the base of the 
column and the beam-column joint. Figure 7.73(c) described the level of damage in 
compression (i.e., DAMAGEC) sustained by the concrete along the frame at the ULS 
and Figure 7.73(d) described the plastic strain magnitude (i.e., PEMAG) along the 
frame at the ULS. Finally, Figure 7.74(a) presented the AC YIELD, actively yielding 
(changes during each increment) and Figure 7.574(b) presented the maximum principal 
stress (i.e., S, Max) of the longitudinal and the transverse steel bars of the frame at the 
ULS. 
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(a) (b) 
 (c) 
Figure 7.74: Abaqus predictions describing the distribution of (a) AC Yield and (b) Max 
Principal Stress developing within the reinforcement bars of specimen 
DSSB RC Frame DSBC-EF at ULS (c) Values for AC YIELD and S, Max 
Figures 7.75 and 7.76 presented the comparative study between the predictions obtained 
from SAP2000, ABAQUS and the proposed ANN-FEA model for the case of the 
modified frame presently considered (DSSB RC frame DSBC-EF). Figure 7.75(a) 
provided a prediction obtained by the push-over analysis carried out by SAP 2000 
concerning the location and state of the plastic hinges (i.e., B, IO, LS, CP, D, and E as 
described earlier) at ULS expected to form along the members of the frame prior to 
failure. Figure 7.75(b) described the predictions obtained by ABAQUS concerning the 
level and extent of damage expected to be sustained along the members of the modified 
frame. Figure 7.75(c) described the predicted cracking profile associated with the model 
of failure expected to develop by the ANN-FEA model.  
  
(a) SAP Result (b) ABAQUS Result 
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(c) ANN-FE Result 
Figure 7.75: Comparative Studies between the predictions obtained from (a) SAP 2000, 
(b) ABAQUS and (c) the ANN-FE Tool describing the damage (cracking) 
developing along specimen DSSB RC Frame DSBC-EF at ULS 
Similarly, Figure 7.76 described the comparison of the load-deflection of the SAP 2000, 
ABAQUS and proposed ANN-FE. The predictions of SAP 2000 overestimate the 
predictions concerning load-carrying capacity obtained from ABAQUS and the ANN-
FEA procedure. It is also interesting to note that the predictions form latter two 
packages correlate closely. 
Apart the accuracy of the predictions obtained from the proposed ANN-FEA method 
another important factor to consider is the analysis time which required for solving the 
subject problems when employing the packages mentioned above. Table 7.6 provides 
the information about the time required by SAP 2000, ABAQUS and the proposed 
ANN-FE tool. The subject table reveals that the proposed method requires almost the 
same time as the push-over analysis carried out by SAP-2000 and 2.27% of the analysis 
time needed by ABAQUS. 
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Figure 7.76: Comparison of Load-Deflection curves obtained from (a) SAP2000, (b) 
ABAQUS and (c) the ANN-FEA model describing the behaviour of 
specimen DSSB RC Frame DSBC-EF at ULS 
Table 7.6: Analysis Time for the case of DSSB RC Frame EF 
Sr. No Tools Analysis Time of EF Models 
1 SAP 2000 10 Minutes 
2 ABAQUS 15 Hours (Half Model) 
3 ANN-FE 25 Minutes (Python) 
7.8 Case Study-IV Double Story Single Bay (DSSB) RC Frame by Duong 
The fourth example considered in order to study the applicability of the proposed ANN-
FEA tool was the Double-storey single-bay (DSSB) RC frame the behavior of which 
was originally established experimentally by Duong et al. [138], as shown in Figure. 
7.78. The RC frame specimen was designed to represent the details of the clinker 
preheater tower as shown in Figure. 7.77, reproducing the shear deficient characteristics 
of the beams, i.e. shear span-depth ratio, shear and longitudinal reinforcement details, 
and material strengths as shown in Figure. 7.78.  
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(a) (b) 
Figure 7.77: Layout of the Heat Tower of the Cement Plant Tower [138] 
This test frame was two-thirds in scale and stood approximately 4.6 m tall and 2.3 m 
wide (storey scale of a typical building). Lateral reverse cyclic loading was applied at 
the top of this test specimen with the lateral force reacted off a strong wall that stood 
4.62 m high. The height of the specimen was limited by the height of the strong wall, as 
well as the lab clearance. The beams were nominally 300 mm wide x 400 mm deep. The 
columns also had dimensions of 300 mm x 400 mm. To provide fixity at the bottom, a 
reinforced concrete base 800 mm wide, 400 mm thick, and 4100 mm long was built 
integrally with the body of the frame and post-tensioned to the strong floor prior to 
testing. The beam clear span was 1500 mm and the column clear storey height was 1700 
mm. A beam clear span-to-depth ratio of 3.75 was designed to mimic the ratio present 
in the cement tower (3.8); as well, a high span-to-depth ratio promoted shear failure in 
the beams. The deformed reinforcing rebars used in the specimen were No.10, No.20, 
and US No.3. Typical beam and column sections contained four No.20 bars as top and 
bottom reinforcement, with US No.3 closed stirrups spaced at 300 mm in the beams and 
No.10 double closed hoops spaced at 130 mm in the columns. The base section 
contained eight No.20 top and bottom bars, with No.10 triple closed hoops spaced at 
175 mm as shown in the Figure 7.78. During the experimental investigation, a 
monotonic lateral load was applied to the second-story beam in a displacement-
controlled mode, while two constant column loads (i.e., 450 kN) were applied 
throughout the testing to simulate the axial force effects of higher stories. The lateral 
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loads applied to the frame at the top storey induced high bending stresses at the base of 
the column and at the inner column faces at the top. In order to prevent premature 
column failure, an extra layer of longitudinal reinforcement consisting of four No.20 
bars was added at each of these locations to increase their flexural capacity. Column 
splices were implemented at the second-storey mid height where stress levels were low 
under applied loading.  
 
Figure 7.78: Reinforcement details of DSSB RC Frame DF [138] 
The experimentally observed damage mode of the frame involved cracks at the beam 
ends and at the base of both columns, including yielding of both the tension and 
compression reinforcement and some concrete crushing as shown in the Figure 7.79. 
The analytical ABAQUS damage mode was mainly caused by the plastic hinging of the 
column bases, including yielding of both tension and compression reinforcement and 
crushing of concrete, especially in the BS area as shown in the Figure 7.79 and 7.80. 
Figures 7.80 and 7.81 described the predictions obtained from ABAQUS describing 
certain aspects of the behaviour of the subject frame (C-EF) when approaching ULS. 
Figure 7.80(a) described described the principal stress, i.e. S33 developing along the RC 
frame at ULS whereas Figure 7.80(b) described the associated principal elastic strain 
along the RC frame, i.e., E33. For principal stress and strain, the positive value (+) 
shows the tensile value and the negative value (-) shows the compressive value. From 
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these figures, the maximum values of the stress and strain are located at the end of 
beams and at the base of the columns. Figure 7.80(c) described the level of damage in 
compression (i.e., DAMAGEC) sustained by the concrete along the frame at the ULS 
and Figure 7.80(d) described the plastic strain magnitude (i.e., PEMAG) along the 
frame at the ULS. Finally Figure 7.81(a) presented the AC YIELD, actively yielding 
(changes during each increment) and Figure 7.81(b) presented the maximum principal 
stress (i.e., S, Max) of the longitudinal and the transverse steel bars of the frame at the 
ULS. 
 
Figure 7.79: Cracks details during experimental investigation of DSSB RC Frame DF 
[138] 
  
(a) (b) 
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(c) (d) 
   (e) 
 Figure 7.80: Abaqus predictions describing the distribution of (a) Stress S33, (b) Strain 
E33, (c) DAMAGEC and (d) PEMAG along the span of specimen DSSB 
RC Frame DF at ULS(e) Values for S22, E33 and PEMAG 
  
(a) (b) 
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 (c) 
Figure 7.81: Abaqus predictions describing the distribution of (a) AC Yield and (b) Max 
Principal Stress developing within the reinforcement bars of specimen 
DSSB RC Frame DF at ULS (c) Values for AC YIELD and S, Max 
Figures 7.82 and 7.83 described the comparative study between the available 
experimental results and the numerical predictions obtained from SAP2000, ABAQUS 
and the proposed ANN-FEA method for the case of the DSSB RC C-EF. Figure 7.82(a) 
described the experimentally established crack distribution of the subject RC frame 
structure and Figure 7.82(b) provided the predictions obtained from the pushover 
analysis carried out by SAP-2000 concerning the location and type of the plastic hinges 
(i.e., associated with B, IO, LS, CP, D, and E as described earlier) at ULS. Figure 
7.82(c) described level and extent of damage predicted by ABAQUS to be suffered by 
the frame. Figure 7.82(d) described the crack-patterns associated with the failure mode 
predicted by the ANN-FEA method which is in agreement with the experimentally 
established crack patterns. 
  
(a) Experimental Result (b) SAP Result 
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(c) ABAQUS Result (d) ANN-FE Result 
Figure 7.82: Comparative Studies between the predictions obtained from (a) the test, (b) 
SAP 2000, (c) ABAQUS and (d) the ANN-FE Tool describing the damage 
(cracking) developing along specimen DSSB RC Frame DF at ULS 
Figure 7.83 described a comparison of the load-deflection curves describing the overall 
behaviour of the RC frames presently considered (throughout the loading process) 
predicted by SAP-2000, ABAQUS and the proposed ANN-FEA method with the load-
deflection curves recorded during testing. The predictions obtained from SAP-2000 
overestimate the load-carrying capacity established experimentally. However, the 
results obtained from ABAQUS and the ANN-FEA model provide a closer fit to the 
experimentally established behaviour. 
 
Figure 7.83: Comparison of Load-Deflection curves obtained from (a) the experiments, 
(b) SAP2000, (c) ABAQUS and (d) the ANN-FEA model describing the 
behaviour of specimen DSSB RC Frame DF at ULS 
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Besides the accurate prediction of the proposed ANN-FE method, the important factor 
is the analysis time which required to solve these problems. Table 7.7 described the 
information about the time required by the above three mentioned procedure, i.e., SAP 
2000 (industrial tool), ABAQUS (research tool) and the proposed ANN-FE tool. The 
proposed method required the the same time of SAP 2000 analysis and this is 2.66% of 
the ABAQUS analysis time. 
Table 7.7: Analysis Time for the case of DSSB RC Frame DF 
Sr. No Tools Analysis Time 
1 SAP 2000 10 Minutes 
2 ABAQUS 15 Hours (Half Model) 
3 ANN-FE 25 Minutes (Python) 
Consider, for example, the clinker plant preheater tower shown in Figure. 7.77. 
Designed according to ACI code specifications, the tower was built in a seismic zone of 
Central America in the late 1990s. Following its construction, subsequent design 
reviews revealed deficiencies in the amounts and details of the reinforcement provided 
in some of the beams and columns. These deficiencies raised questions about the 
expected performance of the building under its design earthquake, requiring a 
comprehensive revaluation. More specifically, its load and displacement capacity, 
failure mode, and any deficient members had to be verified. For analysis purposes, three 
software programs were used: SAP2000 [28], ABAQUS [8, 9], and ANN-FE. The 
frame was modeled using only default options and models that were readily built into 
the programs, that is, default hinges and all default material behavior models. All three 
models were created using the same geometry, material, and support conditions. The 
analyses were performed under monotonically increasing static story shear forces 
calculated by the linear dynamic response spectrum method. From these analyses, 
unacceptably different results were obtained, as shown in Figure. 7.82 and 7.83. 
SAP2000 predicted that the frame would fail in flexure, while ABAQUS and ANN-FE 
predicted a sudden shear failure in some of the beams edges. Significant discrepancies 
were obtained in the ductility predictions for the frame; SAP2000 predicted 
approximately 3 times greater displacement for the peak load capacity than did ANN-
FE. The highly ductile load-deflection prediction obtained from SAP2000 resulted from 
the assumption of purely flexural behavior. In other words, the influence of the shear-
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related mechanisms used. In the ANN-FE analysis, on the other hand, the default 
material behavior models considered inelastic shear effects and predicted shear failures 
for the upper-story beams, thereby providing the least ductile response.  
7.9 Discussion and Conclusion  
The proposed ANN-FE method was developed for the nonlinear analysis of reinforced 
concrete frame structures under pushover analysis. The procedure employs the failure 
criteria for the beams and columns sub-element during the pushover analysis. From the 
results of all above four cases, the proposed tool has the capability to predict the 
structural response of the shear critical RC structures. The accuracy of the tool was 
observed more in the complex RC structures (i.e., RC frames) than the indeterminate 
beams. The results of the investigations conducted to support the following conclusions: 
• Consideration of shear effects is essential for safe and realistic evaluation of 
strength and ductility of reinforced concrete frames because shear-critical 
frames continue to be found in practice. 
• Most available professional tools (i.e., SAP 2000) either ignore shear effects 
altogether and typically, they result in severe overestimations of strength and 
ductility in shear-critical structures. 
• The research tools (i.e., ABAQUS) had the capability to predict the structural 
response of the shear-critical RC structures more accurately as compared to the 
experimental results but required high computation cost and analysis time.  
• The proposed ANN-FE tool provides a simple, fast, and accurate analytical base 
for the implementation of nonlinear static analysis of RC structures. The 
proposed procedure developed accurately simulates the experimental responses 
of shear critical RC frame structures subjected to pushover analysis with high 
levels of accuracy. Computed parameters such as crack initiation and load 
carrying capacity are also simulated well. 
These observations raise uncertainties concerning the ability of the assumptions to form 
the basis for the development of more advanced assessment methods (i.e., professional 
design tools) that can realistically predict RC structural response under more complex 
loading scenarios associated with high temperatures, fire, impact and blast or even 
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environmental actions. This highlights the urgent need to re-assess the principles upon 
which the development of the available codes for RC design is based upon. 
 
Chapter 8-Conclusion and Future Work 
296 
CHAPTER 8: CONCLUSION AND FUTURE WORK  
8.1 Conclusions 
The research described in the present Thesis is concerned with the development of a 
Artificial Neural Network finite element (ANN-FA) analysis tool capable of providing 
accurate predictions concerning the behaviour of RC structures (even when 
characterised by brittle/shear modes of failure) without requiring significant analysis 
time and costly computational resources (as is the case for a number NLFEA package 
employed primarily for research purposes). The proposed analysis method is based on 
the development of ANN models capable of predicting the load-carrying capacity of the 
individual RC structural components (i.e., for RC Beams, Columns, T-Beams and Flat 
Slabs). These ANN models were used to objectively analyse the available test data and 
to assess the accuracy of the predictions provided by the available RC design codes [1-
6], alternative assessment methods (i.e. CFP Method) [34] and their underlying physical 
models employed for describing the mechanics governing RC structural response when 
approaching to the ULS. Comparative studies revealed that the predictions obtained 
from the ANNs and CFP provide a closer fit to the experimental values compared to 
their counterparts obtained by the available RC design codes. This raises questions 
concerning the ability of the later codes to consistently provide accurate predictions of 
RC structural response. 
In an attempt to extend the applicability of the ANNs developed purely on the basis of 
the available experimental databases, enriched enriched databases were developed (see 
Chapter 6) comprising of the available experimental database and the predictions 
obtained from the considered assessment method (i.e., CFP Method). It was shown that 
the ANN models developed based on the extended (hybrid) databases were capable of 
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providing more accurate predictions for a wider range of parameters, not accounted for 
by the original purely experimental databases.  
The ANNs developed for predicting the load-carrying capacity of individual structural 
forms were employed to develop a ANN-FEA tool capable for accurately predicting the 
behaviour of more complex RC structural configuration (e.g., RC frames) without 
requiring high computational resources. The validity of the predictions of the latter tool 
is demonstrated through their comparison with their counterparts obtained from NLFEA 
(ABAQUS) and experiments especially for the case of shear critical RC frame 
structures. The comparative studies revealed that the proposed method is capable of 
providing predictions concerning the RC structural response up to ULS (failure) quickly 
and without requiring significant computational resources. It is interesting to mention at 
this point that the time required by the proposed method for analysing the two-story 
single bay shear critical RC frame [138] is 2.66% the duration of the analysis carried out 
by ABAQUS.  
Chapter 2 provided a description of state of the art concerning the application of ANN 
in structural engineering. On the basis of existing case studies, some general guidelines 
were developed concerning the architecture of the ANN models and their 
calibration/training in MATLAB. The main conclusion derived from this chapter are the 
following: 
• ANN models with back propagation are useful for predicting the load carrying 
capacity of RC structural members compared to the other branches of the SC 
methods.  
• The architecture and training process of the ANN depends on a number of 
parameters associated with: the division of the databases, architecture of the ANN 
(e.g. the number of hidden layers and the number of neurons included in these 
layers, the type of activation function employed between consecutive layers and 
the type of training and learning algorithms employed). 
• The database should be divided into 3 subsets. The data included in these sub-sets 
should be randomly selected. These sub-sets should be 60% for Training, 20% for 
Validation and 20% for Testing. Randomly selecting the data included in these 
subsets ensures that the data included is representative of the whole database. 
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Chapter 3 describes the different assessment methods available for assessing RC 
structural response. These include the different design codes and alternative assessment 
methods employed for predicted the load-carrying capacity and mode of failure 
exhibited at the ultimate limit state (ULS). Emphasis is also focused on describing the 
physical models adopted for describing the mechanics underlying RC structural 
response at the ULS. Information is also provided concerning the agreement between 
the available test data and the predictions obtained from the subject methods. Previous 
studies reveal that the predictions of the RC design codes often exhibit significant 
differences when compared to their experimental counterparts especially when 
considering brittle modes of failure. It is also mentioned that the CFP method, in spite 
being based on assumptions incompatible with those adopted by the available design 
codes, is capable of frequently providing more accurate predictions. Further to the 
assessment methods discussed above, the use of non-linear finite element analysis (e.g., 
ABAQUS) for predicting RC structural response is also discussed in some detail. The 
modelling procedure, material properties, mesh size, the contact surface and nonlinear 
solution strategies is also discussed in the Chapter 3. The above methods were used in 
the following chapters to study the behaviour of different RC members/structures (i.e., 
Beams, Column, T-Beams, Flat Slabs, Indeterminate Beams and RC Frames) and 
validate the predictions of the ANN developed on the basis of the experimental and 
enriched databases. 
In chapters 4 and 5 comparative studies are carried out between the predictions of the 
ANN models concerning the load-carrying capacity of individual RC structural 
members (i.e. RC Beams, Columns, T-Beams and Slabs) with their counterparts 
established (i) experimentally, (ii) using the CFP method (iii) the available design codes 
and (iv) Nonlinear finite element analysis. The most important conclusions derived from 
this comparative study are the following: 
• Double hidden layers should be used for the RC members and the number of 
hidden neurons in each hidden layer should be twice number of the input 
parameters. 
• The Levenberg-Marquardt (LM) learning algorithm is the most appropriate when 
training ANNs to accurately predict the behaviour of RC structural elements.  
• The double multi-layer backward, ANN models are the most appropriate for 
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predicting the load-carrying capacity of RC members and the activation functions 
which were used during this training process are logsig, tansig and tansig.  
• In spite being based on assumptions incompatible with the physical models 
adopted by the current RC design codes, the CFP method is capable of providing 
predictions of load-bearing capacity closer to the experimental values compared to 
those of the codes.  
• Although the development of the ANNs is based on heuristic approaches, which 
do not strictly adhere to the principles of theoretical mechanics, the predictions 
obtained to provide an excellent agreement with the available experimental data 
compared to those of the available design codes and the CFP method. 
• The predictions obtained by the all RC design codes appear to generally 
underestimate load-bearing capacity (shear strength) and are characterised by 
considerable scatter.  
• The predictions obtained via Abaqus (i.e., NLFEA) are in good agreement with 
their counterparts established experimental and predicted by the ANN. 
Furthermore, the numerical predictions appear to confirm that the available design 
codes generally underestimate load-bearing capacity. Also, the damaged 
conditions obtained from the ABAQUS showed the same approach adopted by 
CFP method, i.e. presence of the compressive region around the tensile forces (as 
discussed in the Chapter 3). 
Chapter 6 describes the procedure adopted for enriching (extending) the existing 
experimental databases in order to form new enriched databases allowing them to have 
a more uniform distribution of samples within the full database and to more accurately 
account for a wider range of parameters not adequately/accurately represented in the 
initial experimental database. The ANN models trained on the basis of the enriched 
databases are capable of providing more accurate predictions for RC members 
characterised by a wider range of design parameters. More specifically the conclusions 
derived from these studies are: 
• The purely experimental databases are characterised by poorly populated regions. 
As a result, the information included in these regions does not provide an accurate 
Chapter 8-Conclusion and Future Work 
300 
description of the effect of the design parameters on RC structural behaviour 
limiting the ability of the ANN developed to provide accurate predictions for the 
behaviour of RC members with design parameters associated with these poorly 
populated regions. To enhance the ability of the ANN models to accurately predict 
RC structural response, the poorly populated regions need to be enriched. 
• This enrichment can be achieved through the use of data obtained from (a) new 
tests, which required considerable time and costs (b) the use of Artificial 
Simulation methods which is useful for individual parameters but not in the 
combination of parameters, (c) by employing the available RC design codes and 
alternative assessment methods with the limitations discussed earlier and (d) by 
through the use of complex NLFEA which require calibration and significant 
computational resources. 
• In the present work all, these methods were used step by step. First, the existing 
experimental databases were investigated to find the poorly populated regions for 
each parameter and then by LHS method was employed in order to establish the 
number of samples required to adequately populate the aforementioned regions. 
The CFP method was then used to generate new samples that were validated on 
the basis of the predictions obtained from the NLFEA method.  
• On the basis of the newly formed enriched databases, new ANN models are 
developed and their predictions compared to the old ANN models (developed on 
the purely experimental databases). The comparative study reveals that of new 
ANN models when considering cases associated with the poorly populated region 
provide more accurate predictions compared to those obtained from the ANN 
models trained on the basis of the purely experimental databases.  
In Chapter 7 the proposed ANN-FE method is developed and applied to predict RC 
structural response of more complex RC structural configurations. The predictions 
obtained are compared their counterparts obtained from professional and research 
analysis packages for the case of a number RC structures. The proposed procedure 
employs the ANNs as failure criteria defining the load-bearing capacity and mode of 
failure exhibited by the individual RC beams and columns during the pushover analysis. 
The following conclusions are derived on the bases of the results obtained from the case 
studies considered: 
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• Most available analysis tools used in practice do not accurately account for brittle 
(shear) modes of failure. As a result, the predictions obtained tend to overestimate 
the strength and ductility of shear-critical structures. 
• The research tools (i.e., ABAQUS) had the capability to predict the structural 
response of the shear-critical RC structures more accurately and closer to their 
counterpart experimental results but required high computation cost and analysis 
time.  
• The proposed ANN-FE tool provides a simple, fast, and accurate analysis method 
for carrying out nonlinear static analysis of RC structures. The proposed 
procedure accurately predicts the experimental response of shear critical RC 
frame structures.  
8.2 Recommendation for Future Work 
While the present work may help about the application of the ANN-FE based tool for 
predicting the shear failure criteria, however, more questions raise and need to be 
investigated. Here, some of the potential issues are indicated as future works;  
• Development of ANN models for predicting the displacement and load carrying 
capacity at the ultimate limit state. The databases used for this will be hybrid, i.e. 
includes the experimental and NLFEA results. While having two or more output 
to minimize the iteration time by developing the ANN models with other branches 
of Soft Computing, i.e., Fuzzy logic and Genetic Algorithm. 
• Development of ANN models for the composite concrete material, i.e. Steel fibre 
reinforced concrete beams and Fibre reinforced polymer (FRP) Beams and 
columns for the predicting the load carrying capacity of these composite concrete 
materials. The databases used for this will be enrich, i.e. includes the experimental 
and NLFEA results. 
• Develop databases (through the use of experimental data or NLFEA predictions) 
for the training of ANN models for RC beams under more complex loading. The 
databases used for this will be enrich, i.e. includes the experimental and NLFEA 
results. 
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• The experimental validation of the proposed ANN-FE tool on more complex RC 
shear critical structures, i.e. RC continuous beams and RC Frames with three 
stories double bays.  
• Development of ANN model for RC predicting the RC joint behaviour at the 
ULS. Thus, the proposed ANN-FE can be used on the three-dimensional RC 
structures. The databases used for this will be enrich, i.e. includes the 
experimental and NLFEA results. 
• Development of the subroutine for the ANN failure criteria in the research 
analysis packages, i.e. ABAQUS. Then the comparative studies. 
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Appendix A1 
1.1 Element type for Concrete Members 
8-node linear brick reduced integration hourglass control solid element C3D8R 
(available in ABAQUS/Standard solid element library) was used to model concrete as 
shown in Figure 3.14. The solid element C3D8R has three translational degrees of 
freedom at each node. The reduced integration uses a lower-order integration to form 
the element stiffness and reduces computer running time in three dimensional structures 
[8]. 
 
Figure A1.1: An 8-node linear brick, reduced integration solid element [8] 
1.2 Material properties of steel  
The properties of steel used for reinforcement bars are modelled using a standard metal 
plasticity model. The curve describing the stress-strain relationship adopted in 
ABAQUS is illustrated in the Figure 3.15. Figure 3.16 described the linear elastic and 
nonlinear plastic stress-strain relationship of reinforcing steel used in the model. The 
yield strength was determined at the 0.2% strain offset. The properties of reinforcing 
bars used in the model based on the EC2 [1] are shown in Table 3.5. 
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Figure A.1.2: Stress-Strain curve of reinforcing steel used in the model [8] 
Table A.1.1: Properties of reinforcing steel used in the model [8] 
Properties of reinforcing steel used in the model 
Material Es (MPa) v fy (MPa) 
Longitudinal reinforcing bars 200,000 0.3 560 
Transverse reinforcing bars 200,000 0.3 570 
1.3 Modelling of reinforcement 
The longitudinal and transverse reinforcement was modelled using two nodes linear 3-D 
truss element called T3D2 available in ABAQUS/Standard library as shown in Figure 
3.16. This element has two nodes with three translational degrees of freedom at each 
node. The cage formed by the reinforcing bars consisting of two node linear 3-D truss 
elements (T3D2) is shown in Figure 3.17 (a-e) for the case of the RC Beams, Columns. 
T-Beams, Slabs and Frames the behaviour of which is studied in the following chapters. 
 
Figure A.1.3: Two node linear 3-D truss element T3 D2; [8] 
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The longitudinal and transverse reinforcement was embedded in the host solid element 
(the concrete part of the member) using embedded element option (available in 
ABAQUS/Standard) as shown in Figure 3.18 (a-e), This technique can be readily 
implemented in ABAQUS [8] by specifying a group of elements that lie embedded in a 
group of host elements whose response will be used to constrain the translational 
degrees of freedom in the embedded nodes. The embedded technique in ABAQUS 
perfectly ties the embedded elements into the host elements. This is done through 
geometric relationships if the node of an embedded element lies within the host element 
the translational degrees of freedom of the node are eliminated. In this case, the 
relationship between concrete and steel is modelled as a perfect bond with no slip. 
   
(a) (b) (c) 
  
 
(d) (e)  
Figure A.1.4: Cage formed by the reinforcement bars for the case of (a) an RC Beam, 
(b) an RC Column, (c) an RC T-Beam, (d) an RC Slab and (e) an RC 
Frame 
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(a) (b) (c) 
  
 
(d) (e)  
Figure A.1.5: Embedded truss elements into RC Structures (a) RC Beam, (b) RC 
Column, (c) RC T-Beam, (d) RC Slab and (e) RC Frame 
1.4 Finite element mesh type 
During analysis, fine mesh size was used with respect to the element length, and the 
calibration work carried out against experimental data was crucial in selecting the 
appropriate mesh size enabling the FE model to accurately predict the structural 
response with respect to their experimental results. In the case of the RC Beam, 
Column, Slab and T-Beams 8-node brick elements were used with a size of 50 mm 
whereas in the case of the RC Frames the size was increased to 200mm (as shown in 
Figure 3.19 (a-e)). The same mesh size was adopted for meshing the reinforcement type 
T3D2 in each respected case.  
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(a) (b) (c) 
  
 
(d) (e)  
Figure A.1.6: Meshing of RC Structures (a) RC Beam, (b) RC Column, (c) RC T-Beam, 
(d) RC Slab and (e) RC Frame 
1.5 Boundary Conditions 
The external loads (applied either in the form of displacement or force increments 
where applied at the specified locations of the structure through the use of steel plate. 
The Figure 3.20 (a-e) described contact surfaces forming between these steel loading 
plates and the concrete element. At each interface considered one surface is considered 
as master surface and the other as slave surface as per ABAQUS requirement [8].The 
steel loading plate was assigned master surface and the respected concrete surface was 
assigned as salve surface. However, for the steel plates used at the supports, the 
interaction is applied in the opposite way to the load plate that is the concrete body was 
assigned master surface and the respected support steel plate was assigned as salve 
surface. 
   
(a) (b) (c) 
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(d) (e)  
Figure A.1.7: Tie Contact between Concrete Member and Steel Plates (a) RC Beam, (b) 
RC Column, (c) RC T-Beam, (d) RC Slab and (e) RC Frame 
Different boundary conditions were applied to the FE models developed depending on 
the case study considered in an attempt to realistically model the boundary conditions 
imposed onto the specimens in the experimental studies, i.e., roller support to the RC 
beams and T-beams, fixed support to RC Columns and Frames as shown in Figure 3.21 
a-c. In each boundary condition the desired displacement in X, Y, Z directions were 
prevented to fulfil the requirement of the support. Similarly, the point load was applied 
in the centre for the RC Beams and T-Beam (for 3-point load case), at the of RC 
columns and at the top left point for RC Frame, using static general analysis (available 
in ABAQUS library). Full Newton method was used to solve the structure and 
automatic control was adopted to select the increment. The minimum and maximum 
increment values were fixed in order to make the analysis faster [8]. 
Support Types Models 
Simply Support (Roller) 
 (a) 
Fixed Support 
 (b) 
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Midsection for Half Model 
 (c) 
Figure A.1.8: Boundary Conditions (a) End support of RC Beam, (b) Fix support of RC 
Column and (c) Symmetry support of RC Beam 
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Appendix A2 
Following Matlab Code is used in this investigation is presented in Appendix A.  
clc; clear; close all; 
%change the file name========== 
load ('BWOS.mat'); 
Input=in'; 
Trg=t'; 
%change the input values and hidden neurons========== 
N=6; 
T=1; 
H1=10; 
H2=10; 
%change the name for different results and Figures================== 
n1= 'BWOSPP'; 
n2= 'BWOSPR'; 
n3= 'BWOSWB'; 
n4= 'BWOSR.mat'; 
%Two NN code samples in Matlab======================= 
net=newff (Input, Trg,{H1,H2},{'logsig','logsig','tansig'}, 
'trainlm','learngdm','mse',{},{},'dividerand'); 
net.trainParam.epochs= 100; %Max no of epochs to train default=1000, 
net.trainParam.goal= 0; %Performance goal default=0, 
net.trainParam.max_fail= 6; %Max validation fail default=25, 
net.trainParam.min_grad= 1e-10; %Max performance gradient default=1e-
7;  
net.trainParam.mu= 0.001; %Initial Mu default=0.001, 
net.trainParam.mu_dec= 0.1; %mu decrease factor default=0.1, 
net.trainParam.mu_inc= 10; %mu increase factor default=10, 
net.trainParam.mu_max= 1e10; %Max mu default=1e10; 
net.trainParam.show= 25; %Epochs b/w displays default=25, 
net.trainParam.time= inf; %default 
%net.trainParam.lr= 0.09; %default 
%first and best option..dividerand......tarinRatio 
net.divideParam.trainRatio= 0.60;  
net.divideParam.valRatio= 0.20; 
net.divideParam.testRatio= 0.20; 
% second and best option ..divideind......tarinInd 
% net.divideParam.trainInd= 1:450;  
% net.divideParam.valInd= 451:600; 
% net.divideParam.testInd= 601:719;  
%to remove the default normalization======================= 
net.iw {1, 1} = ones (H1, N); 
net.lw {2, 1} = ones (H2, H1); 
%initialization of weights after each epochs======================= 
net= init (net); 
%to save results======================= 
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{net,tr}=train (net,Input,Trg); 
Result=net (Input)'; 
save (n4,'Result'); 
plot (tr.epoch,tr.perf,tr.epoch,tr.vperf,tr.epoch,tr.tperf) 
legend ('Training','Validation','Test',-1); 
ylabel ('Squared Error'); xlabel('Epoch') 
Outputs = net (Input); 
trOut = Outputs (tr.trainInd); 
vOut = Outputs (tr.valInd); 
tsOut = Outputs (tr.testInd); 
trTarg = Trg (tr.trainInd); 
vTarg = Trg (tr.valInd); 
tsTarg = Trg (tr.testInd); 
%Error between training Set======================= 
Etr= (trTarg-trOut); 
E1tr=mse (Etr); 
%Error between Validation Set======================= 
EVal= (vTarg-vOut); 
E2Val= mse (EVal); 
%Error between Testing Set======================= 
Ets= (tsTarg-tsOut); 
E3ts=mse (Ets); 
%Error for Overall Set======================= 
Plotperform (tr) 
print('-djpeg',n1) 
plotregression (trTarg,trOut,'Train',vTarg,vOut,'Validation',... 
tsTarg,tsOut,'Testing',Trg, net (Input),'All'); 
print('-djpeg',n2) 
%weights and bias value 
wb=formwb(net,net.b,net.iw,net.lw); 
{b,iw,lw}=separatewb(net,wb); 
Plotwb (net) 
print ('-djpeg', n3) 
%Plot error ======================= 
y= net (In) 
e= To-y 
ploterrhist (e,'bins', 30) 
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Appendix B1: 
The Database of the beams without stirrups (BWOS) is presented in the Appendix B1. 
  ID NAME b h d av/d ρl fyl fc VEXP VANN VCFP VACI VEC2 VJSCE VKBSC VCSA VNZ M.O.F 
      mm mm mm   % MPa MPa kN kN kN kN kN kN kN kN kN kN 
A
h
m
ad
, 
S
.H
. 
et
 a
l 
(1
9
8
6
) 
1 A1 127.0 254.0 203.0 4.0 3.9 414.0 62.4 58.0 58.0 54.0 36.5 46.2 41.5 37.0 27.6 34.7 S.F 
2 A2 127.0 254.0 203.0 3.0 3.9 414.0 62.4 69.0 70.0 54.0 38.0 46.2 41.5 38.5 28.3 34.7 S.F 
3 A3 127.0 254.0 203.0 2.7 3.9 414.0 62.4 69.0 78.0 54.0 38.6 46.2 41.5 39.2 29.4 34.7 S.F 
4 A7 127.0 254.0 208.0 4.0 1.8 414.0 62.4 47.0 41.0 45.7 34.9 45.2 42.2 35.4 20.2 35.7 F.F 
5 A8 127.0 254.0 208.0 3.0 1.8 414.0 62.4 49.0 46.0 49.0 35.6 45.2 42.2 36.1 22.7 35.7 S.F 
6 B1 127.0 254.0 202.0 4.0 5.0 414.0 68.7 51.0 62.0 56.0 39.1 47.5 41.3 39.7 34.3 36.2 S.F 
7 B2 127.0 254.0 202.0 3.0 5.0 414.0 68.7 69.0 78.0 56.0 41.0 47.5 41.3 41.6 33.2 36.2 S.F 
8 B3 127.0 254.0 202.0 2.7 5.0 414.0 68.7 100.0 87.0 56.0 41.8 47.5 41.3 42.4 28.8 36.2 S.F 
9 B7 127.0 254.0 208.0 4.0 2.2 414.0 68.7 44.0 46.0 58.0 37.1 48.6 42.2 37.6 25.6 37.5 S.F 
10 B8 127.0 254.0 208.0 3.0 2.2 414.0 68.7 47.0 54.0 58.0 38.0 48.6 42.2 38.5 28.0 37.5 S.F 
11 B9 127.0 254.0 208.0 2.7 2.2 414.0 68.7 80.0 58.0 58.0 38.3 48.6 42.2 38.9 21.4 37.5 S.F 
12 C1 127.0 254.0 184.0 4.0 6.6 414.0 66.0 54.0 56.0 50.0 36.6 42.8 37.9 37.2 32.8 32.3 S.F 
13 C2 127.0 254.0 184.0 3.0 6.6 414.0 66.0 76.0 72.0 50.0 38.9 42.8 37.9 39.5 31.2 32.3 S.F 
14 C3 127.0 254.0 184.0 2.7 6.6 414.0 66.0 69.0 82.0 50.0 39.9 42.8 37.9 40.5 33.5 32.3 S.F 
15 C7 127.0 254.0 207.0 4.0 3.3 414.0 66.0 45.0 55.0 57.0 37.4 47.8 42.1 37.9 30.1 36.5 S.F 
16 C8 127.0 254.0 207.0 3.0 3.3 414.0 66.0 44.0 65.0 57.0 38.6 47.8 42.1 39.2 33.8 36.5 S.F 
17 C9 127.0 254.0 207.0 2.7 3.3 414.0 66.0 45.0 71.0 57.0 39.2 47.8 42.1 39.7 34.6 36.5 S.F 
A
h
m
ad
, 
S
.H
.,
 
(1
9
9
5
) 
18 B7N 102.0 204.0 178.0 3.7 1.4 413.0 43.6 27.0 24.0 27.3 20.1 25.7 25.8 20.4 11.9 20.4 S.F 
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19 B7H 102.0 204.0 178.0 3.7 1.4 413.0 78.1 27.0 28.0 24.0 25.8 27.3 25.8 26.9 16.0 27.3 S.F 
20 B8H 102.0 204.0 178.0 3.7 1.4 413.0 80.8 27.0 29.0 23.0 25.8 27.3 27.3 27.3 16.3 27.3 S.F 
B
en
tz
, 
E
. 
C
. 
an
d
 B
u
ck
le
y
, 
S
. 
(2
0
0
5
) 
36 SBB1.1 104.0 103.0 84.0 2.8 1.6 400.0 35.6 14.0 13.0 12.0 9.1 12.2 12.9 9.2 6.8 8.9 S.F 
37 SBB1.2 105.0 103.0 84.0 2.8 1.6 400.0 35.6 19.0 13.0 12.0 9.2 12.2 13.1 9.3 5.6 9.0 F.F 
38 SBB1.3 104.0 103.0 84.0 2.8 1.6 400.0 35.6 15.0 13.0 12.0 9.1 12.2 12.9 9.2 6.5 8.9 S.F 
39 SBB2.1 106.0 206.0 168.0 2.9 1.6 400.0 34.3 29.0 27.0 24.0 18.2 24.3 26.0 18.4 12.2 17.7 S.F 
40 SBB2.2 105.0 206.0 168.0 2.9 1.6 400.0 34.3 30.0 27.0 24.0 18.0 24.2 25.8 18.3 11.8 17.6 S.F 
41 SBB2.3 106.0 204.0 166.0 2.9 1.6 400.0 34.3 30.0 27.0 23.0 17.9 24.1 25.7 18.2 11.7 17.5 S.F 
42 SBB3.1 105.0 378.0 333.0 2.9 1.6 400.0 36.1 42.0 45.0 49.0 36.3 42.7 45.6 36.9 24.8 39.9 S.F 
43 SBB3.2 101.0 378.0 333.0 2.9 1.6 400.0 36.1 41.0 44.0 47.0 35.1 41.6 43.9 35.6 24.2 38.4 S.F 
44 SBB3.3 101.0 378.0 333.0 2.9 1.6 400.0 36.1 43.0 44.0 47.0 35.1 41.6 43.9 35.6 23.6 38.4 S.F 
B
h
al
, 
N
.S
. 
(1
9
6
8
) 
44 B1 240.0 350.0 300.0 3.0 1.3 426.0 23.2 70.0 83.0 84.0 59.9 72.5 83.2 60.8 41.7 63.4 S.F 
B
re
sl
er
, 
B
. 
an
d
 
S
co
rd
el
is
, 
A
.C
. 
(1
9
6
3
) 
52 OA-1 310.0 556.0 461.0 4.0 1.8 555.0 22.6 167.0 151.0 161.0 118.4 146.9 147.1 120.1 71.2 131.2 S.F 
53 OA-2 305.0 561.0 466.0 4.9 2.3 555.0 23.7 178.0 176.0 168.0 120.5 153.2 148.2 122.3 71.8 133.2 S.F 
54 OA-3 307.0 556.0 462.0 6.9 2.7 552.0 37.6 189.0 157.0 205.0 146.8 178.7 172.9 149.0 82.0 167.8 S.F 
C
h
an
a,
 P
.S
. 
(1
9
8
1
) 
55 2.1a 203.0 406.0 356.0 3.0 1.7 478.0 38.9 96.0 100.0 107.0 78.3 92.7 95.1 79.5 52.4 87.2 S.F 
56 2.1b 203.0 406.0 356.0 3.0 1.7 478.0 38.9 97.0 100.0 107.0 78.3 92.7 95.1 79.5 52.1 87.2 S.F 
57 2.2a 203.0 406.0 356.0 3.0 1.7 478.0 32.8 87.0 95.0 93.0 72.5 87.6 89.8 73.6 50.6 80.1 S.F 
58 2.2b 203.0 406.0 356.0 3.0 1.7 478.0 32.8 94.0 95.0 93.0 72.5 87.6 89.8 73.6 48.6 80.1 S.F 
59 2.3a 203.0 406.0 356.0 3.0 1.7 478.0 35.7 99.0 98.0 100.0 75.4 90.1 92.4 76.5 49.3 83.5 S.F 
60 2.3b 203.0 406.0 356.0 3.0 1.7 478.0 35.7 96.0 98.0 100.0 75.4 90.1 92.4 76.5 50.2 83.5 S.F 
61 3.1a 100.0 202.0 177.0 3.0 1.8 421.0 24.5 24.0 26.0 22.0 15.6 22.4 23.1 15.9 11.7 14.9 S.F 
62 3.1b 100.0 202.0 177.0 3.0 1.8 421.0 24.5 24.0 26.0 22.0 15.6 22.4 23.1 15.9 11.7 14.9 S.F 
63 3.2a 100.0 202.0 177.0 3.0 1.8 421.0 26.2 25.0 27.0 18.0 16.1 22.9 23.7 16.3 11.9 15.4 S.F 
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64 3.2b 100.0 202.0 177.0 3.0 1.8 421.0 26.2 26.0 27.0 18.0 16.1 22.9 23.7 16.3 11.6 15.4 S.F 
65 3.3a 100.0 202.0 177.0 3.0 1.8 421.0 28.5 27.0 27.0 20.0 16.7 23.6 24.3 17.0 11.9 16.1 S.F 
66 3.3b 100.0 202.0 177.0 3.0 1.8 421.0 28.5 23.0 27.0 20.0 16.7 23.6 24.3 17.0 12.9 16.1 S.F 
67 D1 100.0 202.0 177.0 3.0 1.8 421.0 22.5 22.0 25.0 20.0 15.1 21.8 22.5 15.3 11.8 14.3 S.F 
68 D2 100.0 202.0 177.0 3.0 1.8 421.0 23.0 23.0 26.0 20.0 15.2 21.9 22.7 15.4 11.6 14.4 S.F 
69 D3 100.0 202.0 177.0 3.0 1.8 421.0 31.8 21.0 27.0 22.0 17.6 24.4 25.2 17.8 14.3 17.0 S.F 
70 4.1a 60.0 121.0 106.0 3.0 1.8 504.0 20.8 10.0 10.0 7.0 5.2 7.6 7.9 5.3 3.8 4.9 S.F 
71 4.1b 60.0 121.0 106.0 3.0 1.8 504.0 20.8 9.0 10.0 7.0 5.2 7.6 7.9 5.3 4.0 4.9 S.F 
72 4.2a 60.0 121.0 106.0 3.0 1.8 504.0 20.8 9.0 10.0 7.0 5.2 7.6 7.9 5.3 4.0 4.9 S.F 
73 4.2b 60.0 121.0 106.0 3.0 1.8 504.0 20.8 10.0 10.0 7.0 5.2 7.6 7.9 5.3 3.8 4.9 S.F 
74 4.3a 60.0 121.0 106.0 3.0 1.8 504.0 35.2 12.0 11.0 9.0 6.6 9.1 9.4 6.7 4.4 6.4 S.F 
75 4.3b 60.0 121.0 106.0 3.0 1.8 504.0 35.2 12.0 11.0 9.0 6.6 9.1 9.4 6.7 4.4 6.4 S.F 
76 4.4a 60.0 121.0 106.0 3.0 1.8 504.0 35.2 10.0 11.0 9.0 6.6 9.1 9.4 6.7 5.0 6.4 S.F 
77 4.4b 60.0 121.0 106.0 3.0 1.8 504.0 35.2 11.0 11.0 9.0 6.6 9.1 9.4 6.7 4.7 6.4 S.F 
C
h
an
g
, 
T
.S
. 
an
d
  
K
es
le
r,
 C
.E
. 
(1
9
5
8
) 
78 IA1 102.0 152.0 137.0 4.1 2.9 328.0 27.6 20.0 21.0 15.0 13.3 19.2 19.0 13.5 11.2 12.5 S.F 
79 IB1 102.0 152.0 137.0 2.6 1.8 328.0 27.6 20.0 22.0 15.0 13.3 18.7 19.0 13.5 10.7 12.5 S.F 
80 IC1 102.0 152.0 137.0 3.4 2.4 328.0 27.6 20.0 20.0 15.0 13.3 19.2 19.0 13.5 11.0 12.5 S.F 
81 IC2 102.0 152.0 137.0 3.4 2.4 328.0 27.6 18.0 20.0 15.0 13.3 19.2 19.0 13.5 11.5 12.5 S.F 
82 IIB1 102.0 152.0 137.0 4.1 2.4 328.0 17.7 17.0 16.0 12.0 10.7 16.5 16.4 10.8 8.8 10.0 S.F 
83 IIC1 102.0 152.0 137.0 2.6 2.9 328.0 17.7 18.0 21.0 12.0 11.9 16.5 16.4 12.1 10.9 10.0 S.F 
84 4-21a 102.0 152.0 137.0 3.7 1.8 328.0 38.6 21.0 19.0 21.0 14.9 20.9 17.7 15.1 10.6 14.8 S.F 
85 4-22a 102.0 152.0 137.0 3.7 1.8 328.0 31.9 21.0 18.0 17.0 13.7 19.6 17.7 13.8 9.6 13.4 S.F 
86 4-23a 102.0 152.0 137.0 3.7 1.8 328.0 32.2 22.0 18.0 18.0 13.7 19.6 17.7 13.9 9.4 13.5 F.F 
87 5-21a 102.0 152.0 137.0 3.7 2.9 328.0 32.2 29.0 23.0 18.0 14.4 20.2 20.0 14.6 10.3 13.5 S.F 
88 5-21b 102.0 152.0 137.0 3.7 2.9 328.0 32.2 27.0 23.0 18.0 14.4 20.2 20.0 14.6 10.8 13.5 S.F 
89 5-22a 102.0 152.0 137.0 3.7 2.9 328.0 31.2 22.0 23.0 17.0 14.2 20.0 19.8 14.4 11.8 13.3 S.F 
90 5-22b 102.0 152.0 137.0 3.7 2.9 328.0 31.2 26.0 23.0 17.0 14.2 20.0 19.8 14.4 10.8 13.3 S.F 
91 5-23a 102.0 152.0 137.0 3.7 2.9 328.0 32.1 25.0 23.0 18.0 14.4 20.1 20.0 14.6 11.2 13.5 S.F 
92 5-23b 102.0 152.0 137.0 3.7 2.9 328.0 32.1 23.0 23.0 18.0 14.4 20.1 20.0 14.6 11.7 13.5 S.F 
C
o
l
li
n
s , 
M
.
P
. 
an
d
 
K
u
c
h
m
a,
 
D
. 
(1
9
9
9
) 
101 BN50 300.0 500.0 450.0 3.0 0.8 550.0 37.2 132.0 123.0 153.0 136.2 126.3 165.1 138.2 68.5 121.1 S.F 
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102 BN25 300.0 250.0 225.0 3.0 0.9 550.0 37.2 73.0 82.0 83.0 68.4 75.8 98.2 69.4 40.2 69.4 S.F 
103 BN12 300.0 125.0 110.0 3.1 0.9 550.0 37.2 40.0 42.0 42.0 33.4 38.4 47.3 33.9 20.2 34.2 S.F 
105 BH50 300.0 500.0 450.0 3.0 0.8 550.0 98.8 132.0 159.0 112.0 193.3 174.9 178.0 197.8 111.7 195.6 S.F 
106 BH25 300.0 250.0 225.0 3.0 0.9 550.0 98.8 85.0 111.0 61.0 106.7 104.9 105.2 108.1 59.2 105.2 S.F 
C
o
ss
io
, 
R
.D
. 
an
d
 S
ie
ss
, 
C
.P
. 
(1
9
6
0
) 108 A1 152.0 305.0 254.0 2.0 1.0 459.0 28.1 73.0 64.0 63.0 35.6 39.9 49.6 36.2 17.7 34.8 S.F 
109 A2 152.0 305.0 254.0 3.0 1.0 469.0 31.5 42.0 45.0 48.0 36.4 41.5 51.5 36.9 22.2 36.9 S.F 
110 A3 152.0 305.0 254.0 4.0 1.0 452.0 19.4 34.0 34.0 37.0 28.5 35.3 36.4 28.9 17.3 28.9 S.F 
111 A4 152.0 305.0 254.0 5.0 1.0 459.0 26.8 35.0 33.0 33.1 31.5 32.3 31.5 31.5 17.8 32.3 F.F 
112 A5 152.0 305.0 254.0 6.0 1.0 462.0 30.7 33.0 31.0 28.2 26.9 27.6 26.9 26.9 17.8 26.9 F.F 
113 A11 152.0 305.0 254.0 2.0 3.3 341.0 28.3 103.0 93.0 99.0 43.5 50.4 49.7 44.2 29.2 36.6 S.F 
114 A12 152.0 305.0 254.0 3.0 3.3 313.0 26.7 59.0 60.0 41.0 38.9 49.4 48.8 39.5 31.9 35.5 S.F 
115 A13 152.0 305.0 254.0 4.0 3.3 393.0 22.1 47.0 45.0 43.0 34.2 46.4 45.8 34.7 29.1 32.3 S.F 
116 A14 152.0 305.0 254.0 5.0 3.3 364.0 27.5 55.0 53.0 42.0 36.4 49.9 49.2 36.9 27.9 36.1 S.F 
117 A15 152.0 305.0 254.0 6.0 3.3 332.0 25.0 49.0 47.0 38.0 34.2 48.3 47.7 34.7 26.1 34.4 S.F 
D
ra
n
g
sh
o
lt
, 
G
. 
an
d
 T
h
o
re
n
fe
ld
t,
 E
. 
(1
9
9
2
) 
118 B11 150.0 250.0 221.0 3.0 1.8 485.0 54.1 58.1 62.0 64.0 41.9 53.8 52.2 42.5 27.6 42.2 S.F 
119 B13 150.0 250.0 207.0 4.0 3.2 485.0 54.0 40.5 68.0 60.0 40.3 52.8 49.7 40.9 36.4 39.0 S.F 
120 B14 150.0 250.0 207.0 3.0 3.2 485.0 54.0 82.6 81.0 60.0 41.8 52.8 49.7 42.4 28.6 39.0 S.F 
121 B21 150.0 250.0 221.0 3.0 1.8 485.0 77.8 67.9 66.0 67.0 49.6 60.7 52.2 50.3 30.1 50.6 S.F 
122 B23 150.0 250.0 207.0 4.0 3.2 485.0 77.8 77.8 68.0 72.0 47.5 59.6 49.7 48.2 31.3 46.9 S.F 
123 B24 150.0 250.0 207.0 3.0 3.2 485.0 77.8 82.6 83.0 72.0 49.0 59.6 49.7 49.7 34.3 46.9 S.F 
124 B43 150.0 250.0 207.0 4.0 3.2 485.0 86.4 86.2 65.0 75.0 49.9 61.7 49.7 50.6 31.0 49.4 S.F 
125 B44 150.0 250.0 207.0 3.0 3.2 485.0 86.4 107.2 81.0 75.0 51.3 61.7 49.7 52.1 31.1 49.4 S.F 
126 B51 150.0 250.0 221.0 3.0 1.8 485.0 97.7 56.2 64.0 60.0 55.2 65.5 52.2 56.0 37.8 56.7 S.F 
127 B53 150.0 250.0 207.0 4.0 3.2 485.0 97.7 76.8 61.0 78.0 52.8 64.3 49.7 53.5 35.3 52.5 S.F 
128 B54 150.0 250.0 207.0 3.0 3.2 485.0 97.7 77.7 76.0 78.0 54.2 64.3 49.7 55.0 39.8 52.5 S.F 
129 B61 300.0 500.0 442.0 3.0 1.8 485.0 77.8 180.3 188.0 267.0 198.4 208.1 175.6 201.3 129.3 228.2 S.F 
130 B63 300.0 500.0 414.0 4.0 3.2 485.0 77.8 229.4 190.0 286.0 190.2 203.8 167.2 193.0 126.5 217.2 S.F 
131 B64 300.0 500.0 414.0 3.0 3.2 485.0 77.8 280.7 220.0 286.0 195.9 203.8 167.2 198.9 127.9 217.2 S.F 
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132 F1 178.0 305.0 270.0 4.0 1.2 434.0 65.5 57.4 61.0 60.2 57.4 60.2 58.3 59.3 35.8 58.3 S.F 
133 F2 178.0 305.0 268.0 4.0 2.4 434.0 65.5 65.6 84.0 102.0 65.9 81.3 71.6 66.9 50.0 69.6 S.F 
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134 F10 178.0 305.0 267.0 4.0 3.2 434.0 65.5 74.9 94.0 102.0 67.2 81.1 71.4 68.2 53.3 69.3 S.F 
135 F9 178.0 305.0 268.0 4.0 1.6 434.0 79.3 62.3 72.0 76.0 70.4 80.1 71.6 71.4 45.2 76.6 S.F 
136 F15 178.0 305.0 268.0 4.0 2.4 434.0 79.3 66.3 84.0 111.0 72.0 86.6 71.6 73.1 54.8 76.6 S.F 
137 F6 178.0 305.0 268.0 6.0 2.4 434.0 63.4 60.1 71.0 78.9 63.3 77.0 71.6 64.2 43.0 68.5 S.F 
138 F11 178.0 305.0 270.0 4.0 1.2 434.0 20.7 43.7 45.0 50.0 37.0 46.8 47.2 37.5 23.9 38.6 S.F 
139 F12 178.0 305.0 268.0 4.0 2.4 434.0 20.7 53.2 53.0 49.0 39.3 55.4 54.6 39.8 31.2 39.1 S.F 
140 F8 178.0 305.0 273.0 4.0 0.9 434.0 40.0 44.7 44.0 46.7 45.8 46.7 45.8 45.8 28.5 45.8 S.F 
141 F13 178.0 305.0 270.0 4.0 1.2 434.0 40.0 47.6 51.0 59.3 50.4 58.3 56.5 51.1 31.5 53.7 S.F 
142 F14 178.0 305.0 268.0 4.0 2.4 434.0 40.0 63.4 76.0 73.0 52.6 69.0 68.0 53.4 39.8 54.4 S.F 
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143 L-2 152.0 305.0 253.0 3.0 3.4 310.0 21.5 76.0 50.0 41.0 35.5 45.8 45.2 36.0 25.5 31.7 S.F 
144 L-2A 152.0 305.0 253.0 3.0 3.4 283.0 36.7 80.0 66.0 54.0 44.1 54.8 54.1 44.8 32.5 41.5 S.F 
145 L-3 152.0 305.0 253.0 4.0 3.4 310.0 28.0 53.0 54.0 43.0 37.6 50.0 49.4 38.2 31.0 36.2 S.F 
146 L-4 152.0 305.0 253.0 5.0 3.4 303.0 25.8 51.0 49.0 40.0 35.2 48.7 48.1 35.8 27.8 34.8 S.F 
147 L-5 152.0 305.0 253.0 6.0 3.4 331.0 27.9 51.0 49.0 43.0 35.7 50.0 49.2 36.3 26.8 36.2 S.F 
148 L2R 152.0 305.0 253.0 2.9 3.4 310.0 21.5 75.0 51.0 41.0 35.9 45.8 45.2 36.4 26.1 31.7 S.F 
149 L2aR 152.0 305.0 253.0 2.9 3.4 283.0 36.7 93.0 69.0 54.0 44.5 54.8 54.1 45.2 30.7 41.5 S.F 
150 L3R 152.0 305.0 253.0 3.9 3.4 310.0 28.0 62.0 55.0 43.0 37.9 50.0 49.4 38.4 29.2 36.2 S.F 
151 D-1 152.0 305.0 253.0 2.8 3.4 295.0 30.8 93.0 68.0 47.0 41.7 51.6 51.0 42.3 28.5 38.0 S.F 
152 D-2 152.0 305.0 253.0 2.8 3.4 307.0 38.6 110.0 75.0 57.0 45.7 55.7 55.0 46.4 29.2 42.5 S.F 
153 D-3 152.0 305.0 253.0 3.3 3.4 314.0 33.2 94.0 64.0 50.0 41.7 53.0 52.3 42.3 27.4 39.4 S.F 
154 D-6 152.0 305.0 253.0 3.3 3.4 310.0 23.7 104.0 52.0 46.0 36.2 47.3 46.7 36.8 21.9 33.3 S.F 
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155 N155(N) 400.0 155.0 127.5 2.5 2.0 444.0 34.2 112.0 104.0 68.0 54.0 74.6 74.5 54.8 36.2 50.7 S.F 
156 N155(S) 400.0 155.0 127.5 2.5 1.2 444.0 34.2 85.0 74.0 68.0 51.2 62.9 74.5 51.9 31.3 50.7 S.F 
157 N220(N) 400.0 220.0 190.0 2.5 2.0 433.0 34.2 123.0 151.0 101.0 80.5 111.4 111.0 81.7 60.8 75.6 S.F 
158 N220(S) 400.0 220.0 190.0 2.5 1.2 433.0 34.2 104.0 108.0 101.0 76.3 94.0 111.0 77.4 50.2 75.6 S.F 
159 N350(N) 400.0 350.0 312.5 2.5 2.0 436.0 34.2 179.0 220.0 166.0 132.6 165.6 162.8 134.6 97.0 136.6 S.F 
160 N350(S) 400.0 350.0 312.5 2.5 1.2 436.0 34.2 158.0 173.0 166.0 125.7 139.7 162.8 127.5 79.0 132.5 S.F 
161 N485(N) 400.0 485.0 440.0 2.5 2.0 385.0 34.2 215.0 213.0 234.0 186.5 216.5 210.4 189.3 133.8 201.0 S.F 
162 N485(S) 400.0 485.0 440.0 2.5 1.2 385.0 34.2 188.0 208.0 226.0 176.9 182.6 210.4 179.5 111.1 190.3 S.F 
165 H90(N) 400.0 90.0 65.0 2.5 1.9 648.0 58.6 77.0 74.0 53.0 34.9 45.2 42.1 35.4 20.9 33.8 S.F 
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166 H90(S) 400.0 90.0 65.0 2.5 1.2 648.0 58.6 52.0 53.0 39.0 33.5 38.1 42.1 34.0 19.3 33.8 S.F 
167 H155(N) 400.0 155.0 127.5 2.5 2.0 444.0 58.6 105.0 112.0 105.0 68.5 89.3 82.6 69.5 49.2 66.4 S.F 
168 H155(S) 400.0 155.0 127.5 2.5 1.2 444.0 58.6 77.0 85.0 69.0 65.7 75.3 82.6 66.7 43.6 66.4 S.F 
169 H220(N) 400.0 220.0 190.0 2.5 2.0 433.0 58.6 135.0 162.0 157.0 102.1 133.3 123.1 103.6 75.8 98.9 S.F 
170 H220(S) 400.0 220.0 190.0 2.5 1.2 433.0 58.6 106.0 121.0 101.0 98.0 112.4 123.1 99.4 64.9 98.9 S.F 
171 H350(N) 400.0 350.0 312.5 2.5 2.0 436.0 58.6 190.0 244.0 258.0 168.2 198.2 180.6 170.7 123.4 178.8 S.F 
172 H350(S) 400.0 350.0 312.5 2.5 1.2 436.0 58.6 157.0 184.0 170.0 161.3 167.2 180.6 163.7 103.8 173.4 S.F 
173 H485(N) 400.0 485.0 440.0 2.5 2.0 385.0 58.6 199.0 242.0 351.0 236.7 259.1 233.4 240.2 181.1 263.1 S.F 
174 H485(S) 400.0 485.0 440.0 2.5 1.2 385.0 58.6 199.0 199.0 211.0 227.0 218.5 233.4 230.4 140.9 249.1 S.F 
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177 S1.1 300.0 200.0 153.0 3.7 1.3 660.0 90.1 70.0 84.0 66.0 71.6 81.7 74.4 72.6 42.4 74.1 S.F 
178 S1.2 300.0 200.0 152.0 3.8 2.2 517.0 91.2 76.0 91.0 107.0 73.3 93.1 73.9 74.4 54.4 74.0 S.F 
179 S1.3 300.0 200.0 146.0 3.9 4.2 487.0 93.7 99.0 104.0 109.0 75.1 90.2 71.0 76.2 63.0 72.1 S.F 
180 S2.2 300.0 400.0 348.0 3.5 1.9 469.0 91.3 187.0 162.0 195.0 167.0 183.6 146.8 169.4 95.5 191.7 S.F 
181 S2.3 300.0 400.0 348.0 3.5 0.9 469.0 93.7 123.0 137.0 96.0 125.2 111.4 125.2 116.3 81.0 108.1 S.F 
182 S2.4 300.0 400.0 328.0 3.8 3.8 487.0 94.1 230.0 171.0 244.0 167.6 180.8 140.4 170.1 115.2 180.6 S.F 
186 S4.1 300.0 200.0 153.0 3.7 1.3 660.0 110.9 74.0 77.0 59.0 79.1 87.6 74.4 80.2 45.3 82.2 S.F 
187 S4.2 300.0 200.0 152.0 3.8 2.2 517.0 110.9 90.0 81.0 97.0 80.4 99.4 73.9 81.6 54.3 81.6 S.F 
188 S4.3 300.0 200.0 146.0 3.9 4.2 487.0 110.9 122.0 89.0 116.0 80.9 95.5 71.0 82.1 61.5 78.4 S.F 
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193 
B90SB5-2-
33 156.0 232.0 191.0 3.7 2.3 651.0 32.8 56.0 55.0 38.0 30.1 43.3 42.9 30.6 19.8 29.0 S.F 
194 
B90SB6-2-
33 156.0 235.0 194.0 3.6 2.2 651.0 32.8 54.0 56.0 39.0 30.6 43.9 43.6 31.0 20.6 29.5 S.F 
195 
B90SB9-2-
31 156.0 233.0 192.0 3.7 2.3 651.0 31.1 49.0 53.0 37.0 29.6 42.7 42.4 30.0 21.0 28.4 S.F 
196 
B90SB10-2-
31 157.0 234.0 193.0 3.6 2.2 651.0 31.1 54.0 54.0 37.0 29.8 43.2 42.9 30.3 19.9 28.7 S.F 
197 
B90SB13-2-
86 163.0 233.0 192.0 3.7 2.2 630.0 86.2 83.0 67.0 74.0 49.0 62.7 50.7 49.8 26.3 49.4 S.F 
198 
B90SB14-2-
86 158.0 235.0 194.0 3.6 2.2 630.0 86.2 77.0 67.0 74.0 48.1 61.4 49.7 48.8 27.2 48.4 S.F 
199 
B90SB17-2-
45 157.0 232.0 191.0 3.7 2.3 630.0 44.9 59.0 64.0 50.0 34.9 48.3 48.0 35.4 22.6 34.2 S.F 
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200 
B90SB18-2-
45 155.0 235.0 194.0 3.6 2.3 630.0 44.9 63.0 64.0 50.0 35.0 48.5 48.1 35.5 21.9 34.3 S.F 
201 
B90SB21-2-
85 155.0 235.0 194.0 3.6 2.3 630.0 84.6 69.0 66.0 72.0 46.9 59.9 48.7 47.6 28.4 47.0 S.F 
202 
B90SB22-2-
85 158.0 234.0 193.0 3.6 2.2 630.0 84.6 76.0 67.0 73.0 47.5 60.7 49.4 48.2 27.0 47.7 S.F 
203 
B91SC1-2-
62 156.0 234.0 193.0 3.6 2.3 443.0 61.8 71.0 57.0 63.0 40.6 54.0 48.8 41.2 23.8 40.2 S.F 
204 
B91SC2-2-
62 155.0 237.0 196.0 3.6 2.2 443.0 61.8 70.0 57.0 63.0 41.0 54.5 49.2 41.6 24.4 40.6 S.F 
205 
B91SC3-2-
69 155.0 235.0 194.0 3.6 2.3 443.0 69.1 77.0 58.0 66.0 42.7 56.0 48.7 43.3 23.9 42.5 S.F 
206 
B91SC4-2-
69 156.0 236.0 195.0 3.6 2.2 443.0 69.1 74.0 58.0 67.0 43.2 56.6 49.3 43.8 24.8 43.0 S.F 
207 
B91SD1-4-
61 156.0 247.0 194.0 3.6 4.0 494.0 60.8 89.0 78.0 63.0 43.0 54.0 49.0 43.6 29.4 40.1 S.F 
208 
B91SD2-4-
61 156.0 248.0 195.0 3.6 4.0 494.0 60.8 90.0 78.0 63.0 43.2 54.3 49.3 43.9 29.4 40.3 S.F 
209 
B91SD3-4-
66 156.0 248.0 195.0 3.6 4.0 494.0 65.7 82.0 79.0 65.0 44.7 55.7 49.3 45.4 32.1 41.9 S.F 
210 
B91SD4-4-
66 155.0 248.0 195.0 3.6 4.0 494.0 65.7 79.0 78.0 65.0 44.4 55.3 49.0 45.1 32.6 41.7 S.F 
211 
B91SD5-4-
58 156.0 249.0 196.0 3.6 3.9 494.0 58.3 78.0 78.0 63.0 42.6 53.8 49.5 43.3 31.3 39.7 S.F 
212 
B91SD6-4-
58 155.0 249.0 196.0 3.6 4.0 494.0 58.3 83.0 77.0 62.0 42.4 53.4 49.2 43.0 30.0 39.4 S.F 
213 B3 262.0 240.0 208.0 2.6 0.7 632.0 92.4 76.0 97.0 42.0 85.3 79.4 87.2 85.5 40.9 88.5 S.F 
214 B5 283.0 240.0 211.0 2.6 1.1 604.0 91.3 104.0 117.0 67.0 94.2 97.1 95.2 95.5 49.1 97.2 S.F 
215 B7 337.0 240.0 208.0 2.6 0.6 630.0 85.0 89.0 113.0 44.0 94.5 83.6 92.7 85.5 45.0 80.0 S.F 
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216 9A 152.0 305.0 267.0 2.5 5.0 333.0 47.6 113.0 112.0 75.0 58.3 62.2 61.0 59.2 43.2 50.4 S.F 
217 2A 152.0 305.0 267.0 2.5 2.5 333.0 25.4 82.0 68.0 43.0 39.3 50.5 49.8 39.9 26.5 36.8 S.F 
218 2B 152.0 305.0 267.0 2.5 2.5 333.0 36.9 96.0 77.0 60.0 45.9 57.2 56.4 46.6 29.4 44.4 S.F 
219 3A 152.0 305.0 267.0 2.5 2.5 333.0 22.8 44.0 62.0 48.0 37.6 48.7 48.0 38.2 33.0 34.9 S.F 
220 3B 152.0 305.0 267.0 2.5 2.5 333.0 28.2 49.0 72.0 47.0 41.0 52.3 51.6 41.7 35.2 38.8 S.F 
221 4A 152.0 305.0 267.0 2.5 2.5 333.0 20.6 55.0 57.0 44.0 36.1 47.1 46.4 36.7 28.8 33.2 S.F 
222 4B 152.0 305.0 267.0 2.5 2.5 333.0 33.7 84.0 75.0 55.0 44.2 55.5 54.7 44.9 30.2 42.4 S.F 
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223 4C 152.0 305.0 267.0 2.5 5.0 333.0 48.3 109.0 113.0 76.0 58.6 62.5 61.0 59.5 44.2 50.8 S.F 
224 4D 152.0 305.0 267.0 2.5 5.0 333.0 56.3 119.0 120.0 85.0 62.1 65.8 61.0 63.1 46.0 54.8 S.F 
225 5A 152.0 305.0 267.0 2.5 2.5 333.0 24.1 48.0 65.0 51.0 38.5 49.6 48.9 39.1 32.8 35.9 S.F 
226 5B 152.0 305.0 267.0 2.5 2.5 333.0 33.0 49.0 75.0 54.0 43.8 55.1 54.3 44.5 38.1 42.0 S.F 
227 6A 152.0 305.0 267.0 2.5 2.5 333.0 25.3 45.0 67.0 43.0 39.3 50.4 49.7 39.9 34.5 36.8 S.F 
228 6B 152.0 305.0 267.0 2.5 2.5 333.0 33.6 70.0 75.0 55.0 44.2 55.4 54.7 44.8 33.0 42.4 S.F 
229 7A-X 152.0 305.0 267.0 2.5 2.5 333.0 22.1 57.0 61.0 47.0 37.1 48.2 47.5 37.7 29.3 34.4 S.F 
230 7A 152.0 305.0 267.0 2.5 2.5 333.0 29.2 88.0 72.0 49.0 41.6 52.9 52.2 42.3 27.4 39.5 S.F 
231 7B 152.0 305.0 267.0 2.5 2.5 333.0 35.9 88.0 76.0 58.0 45.4 56.6 55.9 46.1 30.4 43.8 S.F 
232 8A-X 152.0 305.0 267.0 2.5 2.5 333.0 25.5 80.0 68.0 43.0 39.4 50.5 49.9 40.0 26.9 36.9 S.F 
233 8A 152.0 305.0 267.0 2.5 2.5 333.0 27.7 58.0 71.0 47.0 40.7 52.0 51.2 41.4 32.6 38.5 S.F 
234 8B 152.0 305.0 267.0 2.5 2.5 333.0 37.1 90.0 77.0 60.0 46.0 57.3 56.5 46.7 30.5 44.5 S.F 
235 8C 152.0 305.0 267.0 2.5 5.0 333.0 58.0 127.0 121.0 87.0 62.9 66.5 61.0 63.8 45.4 55.7 S.F 
236 8D 152.0 305.0 267.0 2.5 5.0 333.0 73.6 165.0 126.0 95.0 69.0 72.0 61.0 70.1 45.0 62.7 S.F 
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237 8A4 152.0 305.0 267.0 5.0 1.2 611.0 20.9 34.0 42.0 42.0 31.0 40.4 45.4 31.5 19.8 33.1 S.F 
238 8B4 152.0 305.0 267.0 5.0 1.2 611.0 31.0 43.0 47.0 49.0 37.4 46.1 51.5 37.9 20.8 40.3 S.F 
239 8BW4 152.0 305.0 267.0 5.0 1.2 611.0 29.7 40.0 47.0 48.0 36.6 45.4 50.7 37.2 21.4 39.4 S.F 
240 8B2 152.0 305.0 267.0 5.0 3.5 636.0 30.8 52.0 63.0 49.0 40.5 53.8 53.1 41.1 33.1 40.6 S.F 
241 8B3 152.0 305.0 267.0 2.5 1.2 334.0 30.1 46.0 51.0 49.0 38.7 45.7 52.7 39.2 27.2 39.7 S.F 
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242 M100-S0 150.0 250.0 203.0 3.9 3.2 532.0 83.3 65.0 68.0 72.0 48.1 60.1 49.0 48.9 35.1 47.4 S.F 
243 M80-S0 150.0 250.0 203.0 3.9 3.2 532.0 72.2 58.0 70.0 68.0 45.1 57.3 49.0 45.8 34.7 44.1 S.F 
244 M60-S0 150.0 250.0 207.0 3.9 2.0 554.0 50.8 46.0 58.0 57.0 37.7 51.7 49.7 38.3 26.5 37.9 S.F 
245 M40-S0 150.0 250.0 205.0 3.9 3.2 320.0 34.4 55.0 50.0 41.0 32.8 45.1 44.6 33.3 24.9 30.8 S.F 
246 M25-S0 150.0 250.0 207.0 3.9 2.0 350.0 26.6 48.0 39.0 33.0 28.1 41.7 41.2 28.5 18.7 27.4 S.F 
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) 247 265 153.0 305.0 269.0 1.5 0.5 400.0 18.1 53.0 57.0 52.0 30.1 38.5 45.0 30.5 14.0 26.9 S.F 
248 266 153.0 305.0 272.0 2.5 0.5 396.0 18.1 32.0 34.0 28.0 29.4 29.0 31.2 29.8 15.6 26.9 F.F 
249 267 153.0 305.0 269.0 3.5 0.5 400.0 20.7 24.0 27.0 23.2 23.2 23.2 22.1 23.2 17.1 23.2 F.F 
250 268 153.0 305.0 275.0 3.0 0.5 393.0 20.1 27.0 31.0 27.0 25.7 27.0 25.7 25.7 17.0 25.7 F.F 
251 269 154.0 305.0 274.0 1.0 0.5 393.0 18.1 89.0 84.0 77.8 31.9 58.9 45.9 32.4 11.3 27.1 F.F 
252 270 152.0 305.0 273.0 2.0 0.5 393.0 20.1 41.0 42.0 36.0 31.2 30.2 38.7 31.6 15.4 28.2 F.F 
Appendix-B1 
  ID NAME b h d av/d ρl fyl fc VEXP VANN VCFP VACI VEC2 VJSCE VKBSC VCSA VNZ M.O.F 
      mm mm mm   % MPa MPa kN kN kN kN kN kN kN kN kN kN 
 
313 
253 246 153.0 305.0 274.0 3.5 0.5 400.0 27.6 25.0 28.0 24.0 23.1 24.2 23.1 23.1 19.7 24.2 F.F 
254 248 153.0 305.0 282.0 2.4 0.5 400.0 27.6 37.0 38.0 26.0 33.9 34.2 33.9 33.9 18.6 33.8 F.F 
255 249 153.0 305.0 276.0 1.0 0.5 376.0 28.0 84.0 91.0 77.8 38.9 68.8 53.1 39.5 14.7 33.7 F.F 
256 250 152.0 305.0 274.0 1.5 0.5 376.0 28.0 55.0 58.0 47.0 37.2 44.9 49.3 37.7 16.8 33.4 F.F 
257 251 154.0 305.0 276.0 2.0 0.5 390.0 26.2 42.0 43.0 32.0 36.1 33.5 38.6 36.6 17.6 32.7 F.F 
258 174 153.0 305.0 272.0 1.0 0.5 396.0 36.4 87.0 98.0 81.5 43.3 74.5 57.3 44.0 16.5 38.3 F.F 
259 177 153.0 305.0 277.0 4.9 0.5 400.0 34.6 19.0 23.0 16.9 16.9 16.9 16.9 16.9 16.9 16.9 F.F 
260 178 153.0 305.0 269.0 1.5 0.5 400.0 34.5 59.0 59.0 49.0 40.6 47.8 54.1 41.2 17.8 37.1 F.F 
261 179 153.0 305.0 264.0 2.6 0.5 400.0 32.3 34.0 34.0 24.0 32.4 32.4 28.0 29.5 19.6 29.5 F.F 
262 180 153.0 305.0 269.0 3.5 0.5 400.0 34.5 25.0 27.0 23.2 23.2 23.2 23.2 23.2 21.5 21.1 F.F 
263 141 151.0 305.0 270.0 2.0 0.8 382.0 16.3 49.0 53.0 47.0 28.8 32.3 43.0 29.2 16.4 26.9 S.F 
264 142 156.0 305.0 276.0 2.0 0.8 382.0 19.3 58.0 56.0 56.0 32.7 35.8 47.8 33.2 17.0 30.5 S.F 
265 143 154.0 305.0 274.0 4.0 0.7 428.0 17.7 30.0 31.0 32.3 29.4 31.3 29.5 29.5 17.0 28.5 S.F 
266 144 154.0 305.0 270.0 5.0 0.8 429.0 17.7 27.0 27.0 25.1 23.6 24.3 23.6 23.6 15.8 24.3 F.F 
267 145 153.0 305.0 273.0 1.6 0.7 424.0 16.2 83.0 78.0 69.0 29.9 41.1 43.9 30.4 12.4 26.9 F.F 
268 146 154.0 305.0 272.0 1.0 0.7 407.0 16.2 128.0 136.0 117.0 32.0 65.1 44.0 32.5 10.9 27.0 F.F 
269 147 152.0 305.0 287.0 2.4 0.7 417.0 16.8 42.0 46.0 40.0 30.4 32.8 44.2 30.9 17.2 28.1 S.F 
270 148 152.0 305.0 274.0 1.5 0.8 382.0 19.9 80.0 77.0 75.0 33.1 46.5 46.8 33.5 14.9 30.1 F.F 
271 149 153.0 305.0 272.0 2.5 0.8 380.0 18.0 44.0 42.0 38.0 30.1 33.5 42.8 30.5 16.8 28.6 S.F 
272 150 153.0 305.0 273.0 2.5 0.8 380.0 18.0 46.0 43.0 38.0 30.2 33.6 44.2 30.6 16.5 28.7 S.F 
273 151 154.0 305.0 273.0 2.5 0.8 382.0 19.3 36.0 43.0 41.0 31.4 34.6 44.2 31.9 20.1 29.9 S.F 
274 152 149.0 305.0 270.0 3.0 0.8 384.0 19.7 32.0 35.0 38.0 30.0 33.7 35.6 30.4 18.9 29.1 S.F 
275 153 152.0 305.0 273.0 3.0 0.8 384.0 19.7 33.0 37.0 39.3 30.9 34.2 36.8 31.3 19.1 29.7 S.F 
276 102 153.0 305.0 269.0 2.0 0.8 423.0 25.3 49.0 55.0 52.0 35.3 37.0 50.3 35.9 19.9 33.5 S.F 
277 103 155.0 305.0 274.0 3.0 0.7 423.0 29.4 39.0 39.0 38.0 38.2 39.6 41.8 38.7 21.4 36.9 S.F 
278 104 154.0 305.0 269.0 4.0 0.8 423.0 25.3 34.0 32.0 32.3 30.4 31.3 30.4 30.4 18.5 31.3 F.F 
279 105 154.0 305.0 272.0 2.5 0.7 383.0 26.2 42.0 42.0 34.0 36.0 37.8 44.2 36.5 20.7 34.5 S.F 
280 106 152.0 305.0 268.0 2.5 0.8 422.0 28.8 45.0 43.0 38.0 36.6 38.4 48.7 37.2 20.1 35.5 S.F 
281 107 154.0 305.0 267.0 5.1 0.8 422.0 26.5 26.0 27.0 25.1 23.6 24.3 23.6 23.6 19.6 24.3 F.F 
282 108 154.0 305.0 269.0 1.0 0.8 422.0 25.0 147.0 131.0 125.5 38.1 74.0 50.5 38.7 12.2 33.5 F.F 
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314 
283 109 153.0 305.0 271.0 1.5 0.8 457.0 25.0 72.0 84.0 83.0 36.3 49.3 50.4 36.9 17.5 33.5 S.F 
284 110 159.0 305.0 269.0 5.1 0.7 407.0 27.4 28.0 27.0 24.3 23.6 23.6 22.9 23.6 19.6 23.6 F.F 
285 111 154.0 305.0 272.0 2.5 0.8 368.0 27.0 43.0 42.0 33.0 36.5 38.3 44.2 37.1 20.8 35.1 S.F 
286 112 153.0 305.0 273.0 2.5 0.8 368.0 27.0 39.0 42.0 34.0 36.4 38.2 44.2 37.0 22.1 35.0 S.F 
287 113 152.0 305.0 274.0 1.5 0.8 486.0 25.5 87.0 92.0 91.0 36.9 50.5 50.8 37.5 15.9 34.0 S.F 
288 114 153.0 305.0 270.0 2.0 0.8 486.0 25.5 61.0 63.0 60.0 35.7 37.8 50.6 36.3 18.0 34.0 S.F 
289 115 152.0 305.0 272.0 2.5 0.8 383.0 26.2 45.0 43.0 35.0 35.6 37.7 45.7 36.1 19.7 34.2 S.F 
290 116 152.0 305.0 271.0 3.0 0.8 384.0 26.4 39.0 37.0 35.0 35.2 37.8 38.0 35.7 19.9 34.3 S.F 
291 117 152.0 305.0 275.0 4.0 0.8 384.0 26.4 33.0 31.0 30.4 28.5 29.4 28.5 28.5 19.6 29.4 F.F 
292 162 153.0 305.0 272.0 2.0 0.8 377.0 34.3 59.0 52.0 48.0 41.2 41.5 56.2 41.8 21.1 39.4 F.F 
293 1622 154.0 305.0 267.0 2.0 0.8 379.0 34.3 62.0 51.0 46.0 40.7 41.0 55.2 41.3 19.8 39.0 F.F 
294 163 156.0 305.0 273.0 2.5 0.8 378.0 35.4 40.0 43.0 34.0 42.2 42.5 45.7 42.8 25.6 40.8 S.F 
295 1633 152.0 305.0 272.0 2.5 0.8 378.0 35.4 38.0 42.0 34.0 41.0 41.7 45.7 41.6 25.6 39.8 S.F 
296 164 156.0 305.0 271.0 4.0 0.7 412.0 33.8 36.0 31.0 30.4 29.5 30.4 29.5 30.4 20.4 30.4 F.F 
297 165 151.0 305.0 278.0 4.9 0.7 412.0 33.9 30.0 28.0 25.1 24.3 25.1 24.3 24.3 20.4 24.3 F.F 
298 166 152.0 305.0 271.0 3.0 0.8 376.0 35.4 40.0 36.0 34.0 38.0 39.3 38.0 38.0 22.7 38.0 F.F 
299 1666 154.0 305.0 274.0 3.0 0.8 379.0 35.4 38.0 37.0 34.0 38.0 39.3 38.0 38.0 24.1 39.3 S.F 
300 167 154.0 305.0 274.0 1.0 0.8 381.0 36.4 128.0 123.0 117.6 45.7 85.9 58.0 46.4 16.9 41.0 F.F 
301 168 154.0 305.0 280.0 4.4 0.7 412.0 34.5 33.0 30.0 27.8 27.0 27.8 27.8 27.8 21.2 27.8 F.F 
302 169 152.0 305.0 274.0 1.0 0.8 381.0 36.4 128.0 122.0 117.6 45.2 85.2 57.2 45.9 16.7 40.6 F.F 
303 170 154.0 305.0 285.0 4.3 0.7 396.0 33.9 32.0 30.0 28.7 28.7 28.7 28.7 28.7 22.7 28.7 F.F 
304 121 152.0 305.0 272.0 3.0 1.9 330.0 20.3 49.0 48.0 42.0 33.8 46.4 46.9 34.3 25.3 33.7 S.F 
305 122 150.0 305.0 276.0 3.9 1.8 343.0 19.9 39.0 41.0 41.0 32.5 45.8 46.4 32.9 25.1 33.5 S.F 
306 123 156.0 305.0 271.0 4.0 1.8 346.0 15.4 38.0 36.0 33.0 29.4 42.7 43.7 29.9 22.7 30.0 S.F 
307 124 154.0 305.0 271.0 5.0 1.8 345.0 15.4 32.0 34.0 32.0 28.4 41.3 36.1 28.9 22.3 29.6 S.F 
308 126 156.0 305.0 272.0 3.0 1.8 346.0 16.3 43.0 42.0 35.0 31.4 43.6 44.7 31.8 24.5 31.0 S.F 
309 127 154.0 305.0 271.0 1.0 1.8 345.0 15.7 201.0 187.0 143.0 39.1 85.2 43.5 39.7 14.7 29.9 S.F 
310 128 154.0 305.0 271.0 6.0 1.8 345.0 17.7 35.0 34.0 37.0 29.9 35.6 31.3 30.3 21.1 31.7 S.F 
311 129 155.0 305.0 275.0 1.5 1.8 346.0 17.6 143.0 137.0 126.0 37.0 60.5 45.9 37.6 17.2 32.4 S.F 
312 130 153.0 305.0 276.0 5.4 1.8 346.0 18.0 40.0 36.0 38.0 30.7 40.2 34.9 31.1 20.9 32.5 S.F 
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313 131 151.0 305.0 274.0 2.5 1.9 401.0 18.1 50.0 51.0 39.0 33.1 44.6 45.0 33.6 25.2 31.9 S.F 
314 132 154.0 305.0 271.0 2.5 1.8 417.0 18.5 52.0 52.0 39.0 33.5 45.0 45.9 34.0 25.0 32.4 S.F 
315 133 154.0 305.0 273.0 5.0 1.8 507.0 19.9 39.0 44.0 42.0 32.2 46.4 47.3 32.7 23.2 33.9 S.F 
316 134 154.0 305.0 273.0 2.0 1.8 419.0 17.4 60.0 63.0 76.0 34.3 44.6 45.2 34.8 24.7 31.7 S.F 
317 135 149.0 305.0 274.0 2.0 1.9 411.0 17.4 77.0 61.0 75.0 33.5 43.9 43.9 34.0 21.2 30.9 S.F 
318 23 152.0 305.0 271.0 1.5 1.9 396.0 26.9 164.0 162.0 147.0 42.6 68.0 51.3 43.3 19.0 38.6 S.F 
319 24 152.0 305.0 271.0 1.5 1.9 396.0 27.9 182.0 161.0 148.0 43.2 68.8 51.9 43.9 18.1 39.3 S.F 
320 25 152.0 305.0 271.0 2.0 1.9 396.0 24.5 104.0 92.0 88.0 38.8 49.4 49.7 39.4 21.6 36.8 S.F 
321 26 152.0 305.0 271.0 2.0 1.9 396.0 27.0 78.0 95.0 83.0 40.4 51.0 51.4 41.1 26.7 38.7 S.F 
322 27 152.0 305.0 271.0 2.5 1.9 396.0 29.8 51.0 70.0 48.0 40.8 52.7 53.1 41.4 32.1 40.6 S.F 
323 28 152.0 305.0 271.0 2.5 1.9 396.0 29.2 54.0 69.0 47.0 40.5 52.4 52.7 41.1 30.9 40.2 S.F 
324 29 152.0 305.0 271.0 4.5 1.9 350.0 24.5 43.0 43.0 50.0 35.1 49.4 45.9 35.6 25.3 36.8 S.F 
325 30 152.0 305.0 271.0 4.5 1.9 350.0 25.2 46.0 43.0 41.0 35.6 49.9 45.9 36.1 24.7 37.4 S.F 
326 31 152.0 305.0 271.0 6.0 1.9 350.0 24.0 39.0 38.0 41.2 34.1 38.7 34.4 34.6 23.1 36.5 S.F 
327 32 152.0 305.0 271.0 6.0 1.9 350.0 24.3 40.0 38.0 41.2 34.3 38.7 34.4 34.8 22.9 36.7 S.F 
328 33 152.0 305.0 271.0 5.3 1.9 350.0 27.6 45.0 42.0 45.0 36.7 45.6 40.0 37.2 24.4 39.1 S.F 
329 34 152.0 305.0 271.0 5.3 1.9 350.0 27.6 43.0 42.0 45.0 36.7 45.6 40.0 37.2 25.0 39.1 S.F 
330 35 155.0 305.0 270.0 3.5 1.8 491.0 26.1 45.0 55.0 44.0 37.5 50.8 51.7 38.0 28.4 38.6 S.F 
331 36 153.0 305.0 273.0 3.5 1.8 491.0 26.1 52.0 55.0 43.0 37.4 50.6 51.4 38.0 26.3 38.6 S.F 
332 181 154.0 305.0 272.0 2.0 1.8 390.0 33.9 65.0 92.0 91.0 44.9 55.0 56.3 45.6 32.8 44.1 S.F 
333 182 155.0 305.0 269.0 5.1 1.8 386.0 33.9 49.0 46.0 53.1 40.9 51.6 45.0 41.4 26.0 43.8 S.F 
334 183 154.0 305.0 270.0 1.0 1.8 394.0 35.4 260.0 282.0 272.0 51.9 111.2 56.8 52.7 18.3 44.7 S.F 
335 184 154.0 305.0 271.0 1.5 1.8 394.0 35.1 163.0 148.0 153.0 47.6 74.1 56.8 48.3 21.6 44.7 S.F 
336 186 155.0 305.0 272.0 4.0 1.8 394.0 35.1 55.0 52.0 57.0 42.6 55.9 57.3 43.3 27.9 45.2 S.F 
337 187 154.0 305.0 271.0 6.0 1.8 386.0 32.5 40.0 43.0 44.2 39.7 43.0 38.1 38.7 26.3 41.8 S.F 
338 188 153.0 305.0 277.0 2.0 1.8 384.0 33.1 93.0 95.0 94.0 45.1 55.9 56.3 45.7 27.1 44.3 S.F 
339 191 154.0 305.0 275.0 3.0 1.8 496.0 34.0 53.0 68.0 56.0 43.4 55.6 56.8 44.0 32.2 44.8 S.F 
340 192 154.0 305.0 272.0 5.5 1.8 347.0 35.8 48.0 43.0 45.6 41.6 44.2 38.9 40.2 26.4 42.9 F.F 
341 193 153.0 305.0 278.0 2.4 1.8 352.0 34.6 57.0 69.0 60.0 44.9 56.2 57.3 45.6 33.8 45.5 S.F 
342 194 154.0 305.0 278.0 2.9 1.8 352.0 34.6 51.0 59.0 58.0 44.3 56.4 57.6 44.9 33.7 45.8 S.F 
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343 195 153.0 305.0 275.0 3.9 1.8 352.0 34.6 47.0 49.0 57.0 42.4 55.9 55.3 43.0 30.8 44.9 S.F 
344 196 154.0 305.0 269.0 5.1 1.8 380.0 39.6 51.0 48.0 53.7 43.7 52.2 50.0 44.4 27.5 47.0 S.F 
345 197 150.0 305.0 274.0 2.5 1.8 410.0 36.0 53.0 72.0 58.0 44.2 55.5 56.3 44.8 34.1 44.7 S.F 
346 199 152.0 305.0 273.0 2.0 1.8 410.0 36.0 77.0 98.0 97.0 45.9 56.3 56.9 46.6 31.0 45.1 S.F 
347 81 153.0 305.0 274.0 5.9 2.8 343.0 27.5 51.0 49.0 46.0 38.1 53.2 48.5 38.6 27.2 39.8 S.F 
348 82 155.0 305.0 271.0 8.0 2.8 343.0 27.5 40.0 43.0 43.8 36.9 41.0 35.9 36.9 27.1 38.2 S.F 
349 83 156.0 305.0 271.0 3.0 2.7 343.0 27.4 65.0 63.0 46.0 41.6 53.7 53.0 42.2 32.0 40.0 S.F 
350 84 151.0 305.0 271.0 4.0 2.8 342.0 27.4 55.0 54.0 45.0 38.8 52.0 51.3 39.4 30.2 38.7 S.F 
351 85 154.0 305.0 274.0 1.0 2.7 381.0 25.5 234.0 248.0 233.0 53.3 105.5 51.5 54.2 22.2 38.6 S.F 
352 87 154.0 305.0 270.0 1.0 2.7 366.0 27.2 240.0 288.0 248.0 53.7 105.5 52.0 54.6 22.2 39.2 S.F 
353 88 153.0 305.0 266.0 1.0 2.8 401.0 31.4 360.0 310.0 282.0 55.7 108.7 53.6 56.6 18.1 41.0 S.F 
354 91 154.0 305.0 269.0 6.1 2.7 364.0 27.4 51.0 49.0 45.0 37.4 52.7 48.5 38.0 26.2 39.1 S.F 
355 92 152.0 305.0 270.0 7.0 2.7 369.0 27.4 46.0 46.0 45.0 36.7 47.9 42.1 37.2 25.6 38.8 S.F 
356 93 155.0 305.0 273.0 6.5 2.7 372.0 30.3 54.0 50.0 51.0 39.7 53.9 47.6 40.3 26.4 42.2 S.F 
357 94 153.0 305.0 273.0 2.0 2.8 352.0 25.3 111.0 90.0 95.0 43.2 51.9 50.9 43.9 26.9 38.0 S.F 
358 95 153.0 305.0 275.0 2.5 2.8 338.0 25.3 73.0 70.0 45.0 41.5 51.9 51.2 42.2 30.9 38.4 S.F 
359 96 153.0 305.0 275.0 3.9 2.8 335.0 25.3 56.0 53.0 42.0 38.5 51.9 51.2 39.1 29.6 38.4 S.F 
360 97 152.0 305.0 276.0 3.0 2.7 366.0 27.2 62.0 63.0 45.0 41.1 53.0 52.2 41.7 32.0 39.7 S.F 
361 98 153.0 305.0 275.0 2.5 2.7 366.0 26.2 76.0 71.0 46.0 41.9 52.5 51.8 42.5 30.4 39.0 S.F 
362 99 152.0 305.0 272.0 2.5 2.7 366.0 26.2 77.0 70.0 43.0 41.2 51.7 51.0 41.8 29.7 38.3 S.F 
363 100 154.0 305.0 270.0 2.0 2.7 366.0 27.2 112.0 95.0 95.0 43.9 52.8 52.0 44.6 27.3 39.2 S.F 
364 201 155.0 305.0 274.0 1.0 2.6 381.0 35.2 254.0 371.0 332.0 59.3 118.3 57.7 60.3 24.9 45.6 S.F 
365 202 154.0 305.0 273.0 6.0 2.7 376.0 33.9 50.0 54.0 56.0 41.9 57.3 52.8 42.5 30.0 44.3 S.F 
366 203 152.0 305.0 268.0 1.0 2.8 369.0 34.8 357.0 348.0 364.0 57.1 111.3 55.5 58.0 18.9 43.3 S.F 
367 204 152.0 305.0 275.0 2.0 2.7 369.0 34.8 147.0 115.0 112.0 48.7 58.2 56.5 49.5 26.6 44.7 S.F 
368 205 153.0 305.0 275.0 2.0 2.7 381.0 35.2 125.0 117.0 114.0 49.2 58.5 57.1 49.9 29.5 45.3 S.F 
369 206 152.0 305.0 270.0 2.5 2.7 381.0 35.2 100.0 84.0 56.0 46.1 56.8 56.0 46.8 29.8 44.0 S.F 
370 207 153.0 305.0 275.0 6.9 2.7 370.0 34.5 48.0 50.0 53.7 41.8 51.6 45.3 42.4 28.9 44.8 S.F 
371 208 157.0 305.0 275.0 4.4 2.7 379.0 35.7 60.0 62.0 60.0 45.2 59.7 58.9 45.9 33.2 46.8 S.F 
372 209 153.0 305.0 273.0 7.0 2.8 379.0 35.7 54.0 52.0 56.3 42.2 53.7 47.4 42.9 27.7 45.2 S.F 
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373 210 154.0 305.0 272.0 2.5 2.7 381.0 35.2 79.0 85.0 57.0 47.0 57.8 57.0 47.7 34.3 44.9 S.F 
374 211 153.0 305.0 270.0 3.0 2.7 381.0 35.2 57.0 72.0 56.0 45.1 57.1 56.3 45.8 37.0 44.2 S.F 
375 212 155.0 305.0 273.0 3.0 2.7 381.0 35.2 60.0 73.0 58.0 46.1 58.4 57.6 46.8 37.2 45.4 S.F 
376 213 154.0 305.0 276.0 4.4 2.7 381.0 36.7 57.0 62.0 60.0 45.0 59.3 58.5 45.7 33.6 46.7 S.F 
377 214 153.0 305.0 272.0 2.5 2.7 412.0 36.0 82.0 87.0 58.0 47.2 57.9 57.1 47.9 34.0 45.2 S.F 
378 215 154.0 305.0 274.0 2.5 2.7 412.0 36.0 66.0 89.0 61.0 47.8 58.6 57.8 48.5 38.1 45.9 S.F 
379 216 152.0 305.0 274.0 6.5 2.7 370.0 36.4 56.0 52.0 58.0 42.7 56.0 49.2 43.3 27.9 45.5 S.F 
380 40 152.0 152.0 140.0 5.4 2.6 387.0 26.4 32.0 29.0 22.0 19.0 28.7 28.5 19.3 13.6 18.6 S.F 
381 41 152.0 152.0 141.0 2.4 2.6 381.0 27.2 51.0 48.0 27.0 21.7 29.2 29.0 22.0 15.3 19.0 S.F 
382 43 151.0 152.0 137.0 5.9 2.7 392.0 28.0 29.0 29.0 23.0 18.9 28.5 27.1 19.2 14.0 18.6 S.F 
383 44 152.0 152.0 137.0 5.9 2.7 392.0 28.0 30.0 29.0 23.0 19.0 28.7 27.1 19.3 13.8 18.7 S.F 
384 45 151.0 152.0 133.0 2.0 2.9 392.0 25.5 65.0 58.0 45.0 20.9 26.8 26.6 21.2 13.2 17.3 S.F 
385 46 151.0 152.0 136.0 2.0 2.8 392.0 25.5 69.0 61.0 49.0 21.3 27.4 27.2 21.7 13.2 17.6 S.F 
386 47 151.0 152.0 132.0 5.1 2.9 392.0 24.8 28.0 28.0 25.0 17.6 26.4 26.2 17.9 14.0 16.9 S.F 
387 48 151.0 152.0 133.0 5.1 2.9 392.0 24.8 27.0 28.0 25.0 17.7 26.6 26.4 18.0 14.4 17.0 S.F 
388 52 152.0 152.0 138.0 3.9 2.8 392.0 24.8 29.0 32.0 26.0 19.0 27.8 27.5 19.3 16.1 17.8 S.F 
389 53 151.0 152.0 132.0 1.0 2.9 392.0 26.7 155.0 153.0 181.0 25.9 52.5 26.8 26.3 10.1 17.5 S.F 
390 54 151.0 152.0 136.0 1.0 2.8 392.0 26.7 158.0 161.0 119.0 26.7 55.7 27.6 27.1 10.3 18.0 S.F 
391 55 150.0 152.0 135.0 3.0 2.8 392.0 25.1 33.0 36.0 20.0 19.3 26.9 26.7 19.5 16.1 17.3 S.F 
392 56 153.0 152.0 137.0 3.5 2.7 403.0 27.2 28.0 36.0 23.0 20.0 28.6 28.4 20.3 17.7 18.6 S.F 
393 57 153.0 152.0 139.0 5.4 2.6 375.0 26.4 32.0 29.0 22.0 19.0 28.7 28.1 19.3 13.6 18.6 S.F 
394 58 152.0 152.0 138.0 3.4 2.7 416.0 27.2 29.0 36.0 23.0 20.1 28.6 28.4 20.4 17.5 18.6 S.F 
395 59 154.0 152.0 140.0 2.7 2.6 392.0 26.6 50.0 43.0 23.0 21.2 29.2 29.0 21.5 14.9 18.9 S.F 
396 60 155.0 152.0 139.0 2.9 2.6 392.0 26.8 39.0 40.0 23.0 20.9 29.2 29.0 21.3 16.5 19.0 S.F 
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422 CTL-1 170.0 300.0 270.0 3.0 1.9 477.0 52.0 71.0 81.0 86.0 57.2 70.7 68.8 58.0 39.4 59.8 S.F 
423 CTL-2 170.0 300.0 270.0 3.0 1.9 477.0 52.0 72.0 81.0 86.0 57.2 70.7 68.8 58.0 39.1 59.8 S.F 
424 P1.0-1 170.0 300.0 272.0 3.0 1.0 477.0 52.0 58.0 58.0 59.0 55.3 57.9 69.2 56.1 31.0 56.8 S.F 
425 P1.0-2 170.0 300.0 272.0 3.0 1.0 477.0 52.0 56.0 58.0 59.0 55.3 57.9 69.2 56.1 31.7 56.8 S.F 
426 P3.4-1 170.0 300.0 267.0 3.0 3.3 477.0 52.0 78.0 108.0 85.0 60.4 71.7 68.2 61.3 49.3 58.9 S.F 
427 P3.4-2 170.0 300.0 267.0 3.0 3.3 477.0 52.0 79.0 108.0 85.0 60.4 71.7 68.2 61.3 49.1 58.9 S.F 
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428 P4.6-1 170.0 300.0 255.0 3.0 4.7 477.0 52.0 90.0 105.0 81.0 61.0 69.2 65.9 61.9 50.5 55.7 S.F 
429 P4.6-2 170.0 300.0 255.0 3.0 4.7 477.0 52.0 95.0 105.0 81.0 61.0 69.2 65.9 61.9 49.4 55.7 S.F 
430 A4.5-1 170.0 300.0 270.0 4.5 1.9 477.0 52.0 67.0 68.0 85.6 55.5 70.7 68.8 56.3 33.8 59.8 S.F 
431 A4.5-2 170.0 300.0 270.0 4.5 1.9 477.0 52.0 64.0 68.0 85.6 55.5 70.7 68.8 56.3 34.8 59.8 S.F 
432 A6.0-1 170.0 300.0 270.0 6.0 1.9 477.0 52.0 59.0 61.0 64.2 54.7 62.3 59.9 55.5 31.5 59.3 S.F 
433 A6.0-2 170.0 300.0 270.0 6.0 1.9 477.0 52.0 61.0 61.0 64.2 54.7 62.3 59.9 55.5 30.8 59.3 S.F 
434 D142-1 170.0 300.0 142.0 3.0 1.9 477.0 52.0 41.0 47.0 45.0 30.1 40.0 39.1 30.5 21.8 29.6 S.F 
435 D142-2 170.0 300.0 142.0 3.0 1.9 477.0 52.0 39.0 47.0 45.0 30.1 40.0 39.1 30.5 22.5 29.6 S.F 
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440 II-4A3 203.0 457.0 390.0 2.4 2.1 401.0 30.6 110.0 116.0 144.0 81.1 96.4 94.0 82.3 57.7 86.9 S.F 
441 5A3 203.0 457.0 390.0 2.4 3.1 401.0 29.9 170.0 107.0 166.0 86.3 95.6 93.3 87.7 56.3 85.9 S.F 
442 11A2 152.0 381.0 314.0 2.7 3.4 401.0 30.2 74.0 75.0 57.0 51.8 60.6 59.6 52.6 41.4 49.1 S.F 
443 12A2 152.0 305.0 238.0 3.6 4.5 401.0 30.1 64.0 54.0 43.0 39.2 48.9 48.3 39.8 32.4 34.9 S.F 
444 III-18A2 152.0 381.0 316.0 2.7 2.7 478.0 19.3 63.0 67.0 46.0 41.6 52.5 51.6 42.2 32.3 39.6 S.F 
445 18B2 152.0 381.0 316.0 2.7 2.7 478.0 19.9 72.0 66.0 48.0 42.1 53.0 52.1 42.7 31.0 40.2 S.F 
446 18C2 152.0 381.0 316.0 2.7 2.7 478.0 22.6 73.0 64.0 54.0 44.3 55.3 54.3 45.0 32.9 42.8 S.F 
447 18D2 152.0 381.0 316.0 2.7 2.7 478.0 22.1 60.0 64.0 53.0 43.9 54.9 53.9 44.6 35.3 42.3 S.F 
448 IV-13A2 152.0 381.0 319.0 2.7 0.8 408.0 19.9 48.0 50.0 48.0 36.6 39.3 51.7 37.2 20.5 34.2 S.F 
449 14A2 152.0 305.0 243.0 3.5 1.0 408.0 20.7 35.0 35.0 38.0 28.4 35.4 38.8 28.8 18.1 28.8 S.F 
450 15A2 152.0 381.0 316.0 2.7 1.3 478.0 20.1 46.0 56.0 48.0 38.1 46.6 52.3 38.7 27.8 40.4 S.F 
451 15B2 152.0 381.0 316.0 2.7 1.3 478.0 20.7 52.0 58.0 50.0 38.6 47.0 52.8 39.2 26.5 41.0 S.F 
452 16A2 152.0 305.0 240.0 3.6 1.8 478.0 22.2 42.0 45.0 40.0 30.3 42.7 43.9 30.7 22.2 30.3 S.F 
453 17A2 152.0 305.0 243.0 3.5 2.1 408.0 22.0 44.0 46.0 41.0 31.2 44.8 44.2 31.6 24.1 30.6 S.F 
454 18 E2 152.0 381.0 316.0 2.7 2.7 478.0 19.8 82.0 67.0 48.0 42.0 52.9 52.0 42.6 29.2 40.1 S.F 
455 19A2 152.0 305.0 240.0 3.6 3.5 478.0 20.6 46.0 55.0 38.0 32.4 43.4 42.9 32.9 28.1 29.2 S.F 
456 20A2 152.0 305.0 238.0 3.6 4.5 368.0 21.0 51.0 52.0 38.0 34.0 43.4 42.9 34.6 29.5 29.1 S.F 
457 21A2 152.0 305.0 238.0 3.6 6.8 368.0 19.9 77.0 66.0 36.0 37.3 42.6 42.1 37.9 28.6 28.4 S.F 
458 V-1AC 152.0 305.0 256.0 4.8 1.0 386.0 21.9 33.0 29.0 31.1 29.4 30.3 28.5 29.4 17.2 30.3 F.F 
459 2AC 152.0 305.0 254.0 4.6 1.3 401.0 23.0 38.0 36.0 41.5 31.1 39.8 37.2 31.6 19.5 33.0 S.F 
460 3AC 152.0 305.0 256.0 4.5 2.0 386.0 20.8 44.0 41.0 40.0 31.0 45.7 45.1 31.4 22.0 31.7 S.F 
461 4AC 152.0 305.0 254.0 4.6 2.6 401.0 16.5 38.0 36.0 32.0 28.6 42.1 41.5 29.0 23.8 27.9 S.F 
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462 5AC 152.0 305.0 253.0 4.6 3.4 378.0 18.3 42.0 40.0 35.0 30.8 43.4 42.9 31.3 26.4 29.3 S.F 
463 6AC 152.0 305.0 250.0 4.6 4.3 368.0 22.8 53.0 47.0 43.0 34.8 46.3 45.7 35.3 29.2 32.2 S.F 
464 1CC 152.0 305.0 256.0 6.0 1.0 386.0 19.0 27.0 26.0 24.6 22.6 23.3 22.6 22.6 16.2 23.3 F.F 
465 2CC 152.0 305.0 254.0 6.0 1.3 401.0 20.8 30.0 31.0 32.2 29.2 30.8 28.7 29.4 18.6 30.8 S.F 
466 3CC 152.0 305.0 256.0 5.7 2.0 386.0 20.5 36.0 39.0 40.0 30.1 42.4 37.0 30.6 21.9 31.4 S.F 
467 4CC 152.0 305.0 254.0 5.8 2.6 401.0 20.6 40.0 42.0 40.0 30.7 45.3 41.8 31.2 23.7 31.2 S.F 
468 5CC 152.0 305.0 253.0 5.8 3.4 378.0 20.3 44.0 45.0 39.0 31.2 44.9 41.8 31.7 25.0 30.8 S.F 
469 6CC 152.0 305.0 250.0 6.1 4.3 368.0 20.6 44.0 50.0 39.0 31.9 44.8 42.4 32.3 27.2 30.6 S.F 
470 3EC 152.0 305.0 256.0 7.2 2.0 386.0 18.8 38.0 34.0 36.1 28.5 33.4 29.0 28.9 18.2 30.1 F.F 
471 4EC 152.0 305.0 254.0 7.2 2.6 401.0 21.2 42.0 40.0 41.0 30.5 42.6 33.9 30.9 21.1 31.7 S.F 
472 5EC 152.0 305.0 253.0 7.2 3.4 378.0 19.5 40.0 45.0 37.0 29.9 41.0 32.3 30.3 23.4 30.2 S.F 
473 6EC 152.0 305.0 250.0 7.3 4.3 368.0 19.1 42.0 51.0 36.0 30.1 41.0 31.7 30.5 25.0 29.5 S.F 
474 3GC 152.0 305.0 256.0 8.4 2.0 386.0 22.4 32.0 34.0 31.9 27.2 30.0 25.8 26.7 20.3 29.1 F.F 
475 4GC 152.0 305.0 254.0 8.4 2.6 401.0 21.0 37.0 38.0 40.3 30.0 36.1 28.6 30.4 20.9 31.5 S.F 
476 5GC 152.0 305.0 253.0 8.5 3.4 378.0 21.9 42.0 43.0 42.0 31.0 38.9 30.5 31.5 22.5 32.0 S.F 
477 6GC 152.0 305.0 250.0 8.5 4.3 368.0 21.4 40.0 52.0 41.0 31.1 38.4 30.0 31.4 25.4 31.2 S.F 
478 3JC 152.0 305.0 256.0 9.5 2.0 386.0 22.2 28.0 31.0 27.9 23.8 25.8 22.6 23.4 20.3 25.4 F.F 
479 4JC 152.0 305.0 254.0 9.6 2.6 401.0 22.2 32.0 36.0 35.7 27.5 32.4 26.7 27.9 21.8 30.8 S.F 
480 5JC 152.0 305.0 253.0 9.7 3.4 378.0 22.8 40.0 40.0 41.0 28.7 35.3 27.5 29.1 22.1 32.7 S.F 
481 6JC 152.0 305.0 250.0 9.7 4.3 368.0 21.4 35.0 50.0 41.0 27.5 33.6 26.3 27.5 25.6 31.2 S.F 
482 6C 152.0 305.0 253.0 3.6 3.4 378.0 34.5 51.0 66.0 52.0 41.8 53.6 53.0 42.4 36.2 40.2 S.F 
483 3AAC-VIII 152.0 305.0 256.0 3.6 2.0 386.0 34.6 56.0 54.0 52.0 39.9 54.1 53.5 40.4 27.5 40.8 S.F 
484 4AAC 152.0 305.0 254.0 3.6 2.6 401.0 29.1 58.0 58.0 44.0 37.7 50.8 50.2 38.3 28.2 37.1 S.F 
485 5AAC 152.0 305.0 253.0 3.6 3.4 378.0 32.8 57.0 64.0 49.0 40.9 52.7 52.1 41.5 33.6 39.2 S.F 
486 6AAC 152.0 305.0 250.0 3.7 4.3 368.0 34.4 60.0 66.0 51.0 42.9 53.1 52.4 43.5 36.7 39.6 S.F 
487 3AC 152.0 305.0 256.0 4.8 2.0 386.0 31.9 53.0 47.0 49.0 37.5 52.7 51.7 38.0 23.9 39.2 S.F 
488 4AC 152.0 305.0 254.0 4.8 2.6 401.0 30.5 54.0 54.0 46.0 37.3 51.6 51.0 37.8 26.6 38.0 S.F 
489 5AC 152.0 305.0 253.0 4.8 3.4 378.0 32.8 54.0 59.0 49.0 39.4 52.7 52.1 39.9 31.0 39.2 S.F 
490 6AC 152.0 305.0 250.0 4.9 4.3 368.0 34.1 59.0 61.0 50.0 40.8 52.9 52.3 41.4 33.4 39.4 S.F 
491 4CC 152.0 305.0 254.0 6.0 2.6 401.0 38.4 52.0 53.0 57.0 40.7 55.8 54.5 41.3 27.5 42.6 S.F 
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492 5CC 152.0 305.0 253.0 6.0 3.4 378.0 37.4 57.0 57.0 55.0 40.8 55.1 54.4 41.4 29.3 41.9 S.F 
493 6CC 152.0 305.0 250.0 6.1 4.3 368.0 38.4 63.0 61.0 56.0 41.8 55.1 54.4 42.4 31.5 41.8 S.F 
494 4EC 152.0 305.0 254.0 7.2 2.6 401.0 36.8 52.0 49.0 50.8 39.4 48.7 44.8 39.9 24.5 41.7 F.F 
495 5EC 152.0 305.0 253.0 7.2 3.4 378.0 37.4 53.0 53.0 55.0 40.2 55.1 48.7 40.8 27.9 41.9 S.F 
496 6EC 152.0 305.0 250.0 7.3 4.3 368.0 33.8 49.0 54.0 50.0 38.7 52.8 52.1 39.3 30.9 39.2 S.F 
511 C 203.0 533.0 483.0 3.2 1.6 401.0 16.8 85.0 89.0 82.0 71.7 86.0 90.4 72.8 48.9 76.7 S.F 
512 Pca 152.0 305.0 250.0 7.1 4.3 366.0 36.3 53.0 56.0 53.0 40.1 54.1 53.4 40.7 31.3 40.6 S.F 
513 PCb 152.0 305.0 250.0 7.1 4.3 366.0 36.3 53.0 56.0 53.0 40.1 54.1 53.4 40.7 31.3 40.6 S.F 
514 Oca-I 152.0 305.0 254.0 5.8 2.6 369.0 35.7 48.0 51.0 53.0 39.4 54.4 52.0 40.0 28.3 41.1 S.F 
515 Ocb 152.0 305.0 254.0 5.8 2.6 368.0 39.0 52.0 52.0 57.0 41.1 56.0 53.4 41.7 28.3 43.0 S.F 
516 Oca-II 254.0 508.0 456.0 3.9 2.2 367.0 38.3 147.0 102.0 170.0 124.6 147.2 142.5 126.4 81.5 138.8 S.F 
517 Ocb 254.0 508.0 456.0 3.9 2.2 366.0 38.3 133.0 102.0 170.0 124.6 147.2 142.5 126.4 85.7 138.8 S.F 
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518 B 140.0 230.0 200.0 2.5 0.4 502.0 19.8 20.0 22.0 17.0 20.0 19.4 18.0 20.0 9.8 20.0 F.F 
519 C 140.0 230.0 200.0 2.5 0.6 504.0 19.6 26.0 27.0 26.0 20.6 22.4 28.0 20.9 11.0 21.1 S.F 
520 D 140.0 230.0 200.0 2.5 0.8 497.0 19.1 30.0 33.0 27.0 20.9 25.1 33.6 21.2 12.6 20.8 S.F 
521 E 140.0 230.0 200.0 2.5 1.1 492.0 18.9 43.0 38.0 26.0 21.3 27.7 33.5 21.6 12.1 20.7 S.F 
522 F 140.0 230.0 200.0 2.5 1.8 507.0 18.4 54.0 40.0 26.0 22.5 32.5 33.2 22.8 14.1 20.4 S.F 
523 D-1 140.0 230.0 200.0 2.5 0.8 497.0 21.7 43.0 33.0 30.0 22.1 26.2 35.0 22.5 10.5 22.2 F.F 
524 E-1 140.0 230.0 200.0 2.5 1.1 492.0 19.9 40.0 39.0 28.0 21.8 28.2 34.0 22.2 13.0 21.2 S.F 
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525 S2 152.0 305.0 269.0 4.8 2.1 284.0 26.9 42.0 40.0 44.0 36.5 44.8 39.4 37.1 27.3 38.3 S.F 
526 S3 152.0 305.0 265.0 4.9 2.5 410.0 32.3 53.0 55.0 51.0 39.7 54.4 53.6 40.3 28.4 41.2 S.F 
527 S4 152.0 305.0 263.0 4.9 3.2 309.0 30.8 56.0 53.0 48.0 39.5 53.2 52.5 40.1 30.2 39.8 S.F 
528 S5 152.0 305.0 262.0 5.0 4.0 315.0 29.9 50.0 57.0 47.0 39.9 52.5 51.8 40.5 34.2 39.1 S.F 
529 S11 152.0 305.0 267.0 4.9 1.9 328.0 14.8 34.0 33.0 30.0 27.4 41.5 36.3 27.8 21.2 28.1 S.F 
530 S13 152.0 305.0 262.0 5.0 4.0 304.0 26.2 50.0 52.0 42.0 37.7 50.3 49.6 38.2 32.0 36.6 S.F 
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531 51 190.0 320.0 270.0 3.0 2.1 465.0 28.4 62.0 79.0 58.0 49.2 66.1 65.1 50.0 38.8 49.4 S.F 
532 5r 190.0 320.0 270.0 3.0 2.1 465.0 28.4 78.0 79.0 58.0 49.2 66.1 65.1 50.0 34.6 49.4 S.F 
533 61 190.0 320.0 270.0 4.0 2.1 465.0 28.4 62.0 69.0 58.0 47.7 66.1 65.1 48.4 34.7 49.4 S.F 
534 6r 190.0 320.0 270.0 4.0 2.1 465.0 28.4 70.0 69.0 58.0 47.7 66.1 65.1 48.4 32.5 49.4 S.F 
535 7.1 190.0 320.0 278.0 5.0 2.0 465.0 29.7 64.0 66.0 62.0 49.1 68.6 67.6 49.8 32.3 52.3 S.F 
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536 7.2 190.0 320.0 278.0 5.0 2.0 465.0 29.7 70.0 66.0 62.0 49.1 68.6 67.6 49.8 30.7 52.3 S.F 
537 8.1 190.0 320.0 278.0 6.0 2.0 465.0 29.8 67.0 62.0 62.0 48.5 68.6 62.3 49.2 28.7 52.4 S.F 
538 8.2 190.0 320.0 274.0 6.0 2.0 465.0 29.8 67.0 62.0 61.0 47.9 67.9 64.2 48.6 28.4 51.5 S.F 
539 9.1 190.0 320.0 273.0 7.0 2.0 465.0 30.6 60.0 59.0 62.8 47.9 59.7 54.4 48.6 28.3 51.9 S.F 
540 9.2 190.0 320.0 273.0 7.0 2.0 465.0 31.5 60.0 59.0 62.8 48.5 60.2 54.9 49.2 28.7 52.7 S.F 
541 10.1 190.0 320.0 272.0 8.0 2.1 465.0 28.9 52.0 54.0 54.2 46.1 51.5 46.9 46.8 27.8 49.2 S.F 
542 10.2 190.0 320.0 272.0 8.0 2.1 465.0 28.9 56.0 54.0 54.2 46.1 51.5 46.9 46.8 26.6 49.2 F.F 
543 D1/1 50.0 80.0 70.0 3.0 1.6 451.0 35.8 7.0 7.0 5.0 3.6 4.9 5.2 3.7 2.3 3.6 S.F 
544 D1/2 50.0 80.0 70.0 3.0 1.6 451.0 35.8 7.0 7.0 5.0 3.6 4.9 5.2 3.7 2.3 3.6 S.F 
545 D2/1 100.0 160.0 140.0 3.0 1.6 427.0 35.9 22.0 22.0 19.0 14.5 19.5 20.8 14.7 10.1 14.3 S.F 
546 D2/2 100.0 160.0 140.0 3.0 1.6 427.0 35.9 24.0 22.0 19.0 14.5 19.5 20.8 14.7 9.6 14.3 S.F 
547 D3/1 150.0 240.0 210.0 3.0 1.6 413.0 37.1 47.0 46.0 45.0 33.2 43.9 46.6 33.7 22.5 32.9 S.F 
548 D3/2 150.0 240.0 210.0 3.0 1.6 413.0 37.1 44.0 46.0 45.0 33.2 43.9 46.6 33.7 23.3 32.9 S.F 
549 D4/1 200.0 320.0 280.0 3.0 1.7 439.0 34.0 76.0 81.0 74.0 56.9 71.6 74.8 57.7 38.9 59.4 S.F 
550 D4/2 200.0 320.0 280.0 3.0 1.7 439.0 34.0 73.0 81.0 74.0 56.9 71.6 74.8 57.7 39.8 59.4 S.F 
551 C1 100.0 180.0 150.0 3.0 1.3 425.0 37.7 22.0 21.0 22.0 15.7 19.9 22.6 15.9 10.2 15.7 S.F 
552 C2 150.0 330.0 300.0 3.0 1.3 425.0 37.7 66.0 56.0 65.0 47.1 54.4 61.2 47.7 27.2 51.1 S.F 
553 C3 200.0 500.0 450.0 3.0 1.3 425.0 37.7 104.0 86.0 130.0 94.1 99.8 110.5 95.5 56.2 107.3 S.F 
M
at
h
ey
, 
R
.G
. 
an
d
 W
at
st
ei
n
, 
D
. 
(1
9
6
3
) 
555 IIIa-17 203.0 457.0 403.0 3.8 2.5 505.0 29.2 88.0 90.0 95.0 79.2 97.4 94.9 80.4 60.6 88.3 S.F 
556 IIIa-18 203.0 457.0 403.0 3.8 2.5 505.0 25.2 81.0 89.0 82.0 74.3 92.7 90.3 75.4 58.3 82.0 S.F 
557 Va-19 203.0 457.0 403.0 3.8 0.9 690.0 23.5 63.0 72.0 96.0 66.1 70.2 88.2 67.0 38.5 64.6 S.F 
558 Va-20 203.0 457.0 403.0 3.8 0.9 690.0 25.6 66.0 73.0 83.0 68.8 72.3 90.8 69.8 39.1 67.5 S.F 
559 VIb-21 203.0 457.0 403.0 2.8 0.9 707.0 26.1 71.0 89.0 85.0 70.2 70.6 91.4 71.2 40.9 64.8 S.F 
560 Vib-22 203.0 457.0 403.0 2.8 0.9 707.0 25.8 62.0 89.0 84.0 69.8 70.3 91.0 70.8 43.9 64.4 S.F 
561 VIb-23 203.0 457.0 403.0 2.8 0.9 707.0 30.6 75.0 93.0 99.0 75.6 74.5 96.3 76.7 42.8 70.2 S.F 
562 VIa-24 203.0 457.0 403.0 3.8 0.5 696.0 26.3 54.0 61.0 55.0 65.0 58.0 64.3 65.0 28.7 48.9 S.F 
563 VIa-24 203.0 457.0 403.0 3.8 0.5 696.0 25.8 50.0 61.0 55.0 64.3 57.6 64.3 64.3 30.0 48.5 S.F 
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 564 A1 178.0 305.0 262.0 3.1 2.2 310.0 30.4 60.0 64.0 56.0 46.3 61.9 61.0 47.0 36.2 46.1 S.F 
565 A2 178.0 305.0 267.0 3.0 2.1 310.0 31.0 67.0 65.0 58.0 47.6 63.2 62.3 48.3 35.4 47.7 S.F 
566 A3 178.0 305.0 268.0 3.0 2.2 310.0 31.0 76.0 67.0 58.0 48.0 63.3 62.5 48.7 34.2 47.9 S.F 
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567 A4 178.0 305.0 270.0 3.0 2.4 310.0 31.5 71.0 70.0 59.0 49.2 64.1 63.2 49.9 37.3 48.7 S.F 
568 B1 178.0 305.0 267.0 3.0 1.6 310.0 21.2 56.0 53.0 50.0 38.9 51.7 54.9 39.5 27.7 39.4 S.F 
569 B2 178.0 305.0 268.0 3.0 1.6 310.0 21.6 60.0 54.0 52.0 39.5 52.4 55.4 40.0 27.4 40.0 S.F 
570 B3 178.0 305.0 270.0 3.0 1.6 310.0 19.2 56.0 52.0 46.0 37.7 50.4 53.6 38.3 26.9 38.0 S.F 
571 B4 178.0 305.0 272.0 2.9 1.6 310.0 16.8 56.0 50.0 41.0 36.0 48.9 51.5 36.5 25.8 35.9 S.F 
572 1 152.0 305.0 268.0 3.4 1.9 310.0 36.7 58.0 50.0 58.0 42.9 56.3 56.4 43.5 29.4 44.5 S.F 
573 2 152.0 305.0 268.0 3.4 1.9 310.0 16.7 36.0 38.0 34.0 30.2 43.3 43.4 30.6 25.1 30.0 S.F 
574 3 152.0 305.0 268.0 3.4 1.9 310.0 25.8 52.0 47.0 42.0 36.6 50.1 50.2 37.1 26.2 37.3 S.F 
575 4 152.0 305.0 268.0 3.4 1.9 310.0 15.4 40.0 36.0 31.0 29.1 42.2 42.3 29.6 23.0 28.8 S.F 
576 5 152.0 305.0 268.0 3.4 1.9 310.0 30.7 52.0 49.0 49.0 39.5 53.1 53.2 40.1 28.5 40.7 S.F 
577 6 152.0 305.0 268.0 3.4 1.9 310.0 15.8 34.0 37.0 32.0 29.5 42.5 42.6 29.9 25.0 29.2 S.F 
578 7 152.0 305.0 268.0 3.4 1.9 310.0 30.9 51.0 49.0 50.0 39.7 53.2 53.3 40.2 28.9 40.8 S.F 
579 8 152.0 305.0 268.0 3.4 1.9 310.0 12.2 31.0 30.0 25.0 26.4 39.0 39.1 26.8 22.8 25.6 S.F 
580 9 152.0 305.0 268.0 3.4 1.9 310.0 41.2 53.0 51.0 63.0 45.2 58.5 58.7 45.8 32.7 47.1 S.F 
581 10 152.0 305.0 268.0 3.4 1.9 310.0 23.9 49.0 46.0 49.0 35.3 48.8 48.9 35.9 26.0 35.9 S.F 
582 11 152.0 305.0 268.0 3.4 1.9 310.0 38.1 60.0 50.0 59.0 43.6 57.0 57.2 44.2 29.4 45.3 S.F 
583 12 152.0 305.0 268.0 3.4 1.9 310.0 20.2 47.0 43.0 41.0 32.8 46.1 46.3 33.3 24.4 33.0 S.F 
584 13 152.0 305.0 268.0 3.4 1.9 310.0 37.8 56.0 50.0 59.0 43.4 56.9 57.0 44.1 30.4 45.1 S.F 
585 14 152.0 305.0 268.0 3.4 1.9 310.0 22.6 43.0 45.0 46.0 34.5 47.9 48.0 35.0 26.9 34.9 S.F 
586 15 152.0 305.0 268.0 3.4 1.9 310.0 37.4 51.0 50.0 59.0 43.2 56.7 56.8 43.9 31.8 44.9 S.F 
587 16 152.0 305.0 268.0 3.4 1.9 310.0 16.3 38.0 38.0 33.0 29.9 43.0 43.1 30.3 24.2 29.6 S.F 
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588 B40B4 305.0 406.0 368.0 3.0 1.9 378.0 34.8 156.0 139.0 152.0 116.7 141.7 141.1 118.4 77.8 129.3 S.F 
589 B56B2 305.0 406.0 368.0 4.1 1.9 471.0 14.7 100.0 98.0 82.0 76.8 106.3 105.9 78.0 55.9 84.0 S.F 
590 B56A4 305.0 406.0 375.0 4.0 2.5 330.0 25.0 138.0 114.0 114.0 102.2 131.2 128.2 103.7 72.9 112.2 S.F 
591 B56B4 305.0 406.0 368.0 4.1 1.9 441.0 27.2 122.0 118.0 121.0 101.3 130.5 130.0 102.8 68.9 114.3 S.F 
592 B56E4 305.0 406.0 368.0 4.1 1.3 429.0 28.4 109.0 100.0 126.0 100.4 116.0 119.1 101.8 60.0 115.2 S.F 
593 B56A6 305.0 406.0 356.0 4.3 3.9 439.0 39.9 178.0 154.0 165.0 125.4 147.2 144.1 127.3 93.6 132.7 S.F 
594 B56B6 305.0 406.0 372.0 4.1 1.9 466.0 45.7 137.0 140.0 192.0 130.0 155.9 155.8 131.9 84.8 150.2 S.F 
595 B70B2 305.0 406.0 365.0 5.1 1.9 462.0 16.3 89.0 102.0 91.0 78.1 109.6 105.0 79.2 56.8 87.5 S.F 
596 B70A4 305.0 406.0 368.0 5.1 2.5 436.0 27.2 132.0 125.0 121.0 101.9 133.0 130.0 103.4 69.8 114.3 S.F 
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597 B70A6 305.0 406.0 356.0 5.3 3.9 435.0 45.0 178.0 164.0 182.0 128.8 153.2 150.0 130.7 91.5 140.9 S.F 
598 B84B4 305.0 406.0 364.0 6.1 1.9 465.0 27.2 111.0 108.0 120.0 97.3 129.9 118.8 98.8 59.9 112.7 S.F 
599 B113B4 305.0 406.0 365.0 8.1 1.9 469.0 32.6 104.0 101.0 110.5 98.0 105.8 93.3 95.6 58.9 96.3 S.F 
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600 A0-3-3b 152.0 337.0 299.0 3.5 3.3 414.0 20.8 64.0 55.0 47.0 40.2 51.5 50.7 40.8 31.6 38.3 S.F 
601 A0-3-3c 152.0 337.0 299.0 3.5 3.3 414.0 27.1 67.0 59.0 49.0 44.8 56.3 55.4 45.5 35.3 43.7 S.F 
602 A0-7-3a 152.0 337.0 299.0 3.5 3.3 414.0 37.7 82.0 78.0 66.0 51.5 62.8 61.8 52.3 38.0 51.6 S.F 
603 A0-7-3b 152.0 337.0 299.0 3.5 3.3 414.0 41.6 83.0 82.0 71.0 53.8 64.9 63.9 54.6 39.7 54.2 S.F 
604 A0-11-3a 152.0 337.0 299.0 3.5 3.3 414.0 74.9 89.0 92.0 103.0 69.6 79.0 66.4 70.6 51.5 72.7 S.F 
605 A0-11-3b 152.0 337.0 299.0 3.5 3.3 414.0 74.7 89.0 92.0 103.0 69.5 78.9 66.4 70.5 51.5 72.6 S.F 
606 A0-15-3a 152.0 337.0 299.0 3.5 3.3 414.0 81.4 93.0 91.0 107.0 72.2 81.2 66.4 73.3 52.6 75.8 S.F 
607 A0-15-3b 152.0 337.0 299.0 3.5 3.3 414.0 93.7 100.0 85.0 113.0 76.9 85.1 66.4 78.1 54.3 81.3 S.F 
608 A0-15-3c 152.0 337.0 299.0 3.5 3.3 414.0 91.9 98.0 86.0 112.0 76.2 84.6 66.4 77.4 54.4 80.5 S.F 
609 A0-3-2 152.0 337.0 299.0 2.4 3.3 414.0 21.1 78.0 72.0 59.0 43.8 51.8 51.0 44.5 32.8 38.6 S.F 
610 A0-7-2 152.0 337.0 299.0 2.4 3.3 414.0 46.3 118.0 113.0 90.0 59.7 67.3 66.2 60.6 40.4 57.2 S.F 
611 A0-11-2 152.0 337.0 299.0 2.4 3.3 414.0 81.3 111.0 126.0 118.0 75.5 81.2 66.4 76.7 55.1 75.8 S.F 
612 A0-15-2a 152.0 337.0 299.0 2.4 3.3 414.0 85.9 178.0 126.0 121.0 77.3 82.7 66.4 78.5 43.9 77.9 S.F 
613 A-15-2b 152.0 337.0 299.0 2.4 3.3 414.0 71.2 206.0 126.0 113.0 71.4 77.7 66.4 72.5 36.5 70.9 S.F 
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621 BN50 300.0 500.0 450.0 2.9 0.8 486.0 37.0 130.0 123.0 148.0 136.0 125.9 164.8 138.0 69.8 120.6 S.F 
622 BH50 300.0 500.0 450.0 2.9 0.8 486.0 99.0 130.0 159.0 108.0 177.5 174.8 176.7 163.7 114.1 176.7 S.F 
623 BN25 300.0 250.0 225.0 3.0 0.9 437.0 37.0 72.5 72.0 73.0 68.3 75.8 82.8 69.3 40.7 69.3 S.F 
624 BH25 300.0 250.0 225.0 3.0 0.9 437.0 99.0 84.0 106.0 54.0 88.9 88.9 85.8 79.8 60.5 87.3 S.F 
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625 S-13 152.0 311.0 265.0 4.2 1.7 665.0 23.7 40.0 50.0 48.0 33.8 46.7 48.4 34.3 24.7 35.3 S.F 
626 S-1 154.0 311.0 259.0 3.9 1.4 665.0 36.5 36.0 60.0 56.0 40.5 50.3 55.6 41.1 29.8 43.1 S.F 
627 S-2 154.0 311.0 265.0 3.8 1.0 665.0 33.1 37.0 49.0 53.0 38.8 43.8 54.8 39.4 23.4 39.8 S.F 
628 S-3 152.0 311.0 267.0 4.2 0.8 524.0 29.0 31.0 36.0 39.4 35.8 38.5 36.7 36.4 20.6 35.8 S.F 
629 S-4 152.0 311.0 268.0 4.2 0.6 524.0 33.1 28.0 31.0 31.3 30.4 31.3 30.4 30.4 20.1 30.4 S.F 
630 S-5 152.0 311.0 262.0 4.3 0.5 524 27.9 34.0 52.0 30.0 34.0 33.0 50.6 34.5 13.5 32.7 S.F 
631 S-9 152.0 311.0 267.0 4.3 0.5 524 25.1 24.0 50.0 30.0 32.9 32.1 47.9 33.4 16.7 31.3 S.F 
632 S-6 151.0 311.0 268.0 4.2 0.3 
524 
31.0 27.0 45.0 20.0 36.1 30.0 48.8 36.6 12.7 33.3 S.F 
633 S-7 152.0 311.0 268.0 4.2 0.3 
524 
28.6 30.0 37.0 15.0 34.8 26.4 37.5 35.3 8.7 31.5 S.F 
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634 S-12 153.0 311.0 269.0 4.2 0.3 
524 
29.7 25.0 38.0 15.0 35.8 26.9 38.3 36.3 10.5 32.3 S.F 
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) 635 R1 152.0 304.0 272.0 3.3 1.5 
524 
25.9 46.0 56.0 43.0 36.4 46.4 50.8 36.9 25.2 38.1 S.F 
636 R2 152.0 304.0 272.0 3.3 1.5 
524 
25.9 48.0 56.0 43.0 36.4 46.4 50.8 36.9 24.6 38.1 S.F 
637 R3 152.0 304.0 272.0 3.3 1.5 524 24.5 46.0 55.0 51.0 35.5 45.5 49.9 36.0 24.5 37.0 S.F 
638 R7 152.0 304.0 272.0 3.3 1.5 
524 
27.8 56.0 59.0 46.0 37.6 47.5 52.0 38.1 23.3 39.4 S.F 
639 R29 152.0 304.0 272.0 3.3 1.5 
524 
29.9 54.0 62.0 49.0 38.9 48.7 53.3 39.4 24.7 40.9 S.F 
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) 640 N6 500.0 250.0 226.0 2.5 0.8 501.0 25.8 118.0 135.0 117.0 96.7 107.6 145.3 98.1 57.6 96.0 S.F 
641 N7 500.0 250.0 225.0 2.5 1.4 441.0 24.6 140.0 173.0 139.0 98.9 127.8 142.5 100.3 70.9 97.0 S.F 
642 N8 500.0 250.0 226.0 3.5 0.8 501.0 25.8 102.0 107.0 116.0 94.9 107.6 112.5 96.3 53.8 96.0 S.F 
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643 2 150.0 200.0 165.0 3.1 7.5 550.0 85.1 48.0 54.0 59.0 46.4 49.4 40.1 47.2 47.5 38.8 S.F 
644 3 150.0 200.0 165.0 4.0 2.4 550.0 85.1 46.0 51.0 59.0 38.6 49.4 40.1 39.2 27.3 38.8 S.F 
645 5 150.0 200.0 165.0 3.1 3.8 550.0 84.5 60.0 76.0 59.0 41.2 49.3 40.1 41.8 33.5 38.7 S.F 
646 6 150.0 200.0 165.0 4.0 3.8 550.0 84.5 58.0 60.0 59.0 40.0 49.3 40.1 40.5 30.6 38.7 S.F 
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647 X 90.0 134.0 111.0 3.6 2.7 481.0 23.0 15.0 15.0 11.0 8.8 12.9 12.8 9.0 7.4 8.2 S.F 
648 Y 120.0 229.0 199.0 3.6 2.7 407.0 23.0 30.0 33.0 27.0 21.1 30.8 30.5 21.4 17.8 19.5 S.F 
649 Z 180.0 301.0 262.0 3.6 2.6 412.0 24.2 55.0 62.0 57.0 42.5 58.0 57.2 43.2 35.2 41.6 S.F 
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) 650 LR-2.59-NS 102.0 203.0 172.0 2.6 1.4 414.0 54.8 27.0 29.0 28.0 22.2 27.1 28.4 22.5 15.4 22.1 S.F 
651 LR-3.63-NS 102.0 203.0 172.0 3.6 1.4 414.0 53.0 22.0 25.0 27.3 21.4 26.8 27.3 21.7 14.7 21.7 S.F 
652 HR-2.59-NS 102.0 203.0 172.0 2.6 1.4 414.0 68.1 30.0 31.0 25.0 24.5 29.1 28.4 24.9 16.1 24.6 S.F 
653 HR-3.63-NS 102.0 203.0 172.0 3.6 1.4 414.0 70.1 20.0 27.0 25.0 24.4 27.3 27.3 24.7 17.9 25.0 S.F 
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654 A-2 200.0 400.0 372.0 3.0 0.8 500.0 80.6 83.0 97.0 68.0 95.9 93.5 96.8 96.8 53.7 96.8 S.F 
655 B-2 200.0 400.0 368.0 3.0 2.0 500.0 84.5 125.0 129.0 162.0 115.2 127.2 102.1 116.9 73.5 132.1 S.F 
656 B-3 200.0 400.0 368.0 4.0 2.0 500.0 84.5 110.0 111.0 162.0 113.1 127.2 102.1 114.7 69.6 132.1 S.F 
657 C-2 200.0 400.0 366.0 3.0 3.4 500.0 83.9 121.0 149.0 174.0 119.9 126.4 101.6 121.7 95.5 130.7 S.F 
658 C-3 200.0 400.0 366.0 4.0 3.4 500.0 83.9 108.0 123.0 174.0 116.4 126.4 101.6 118.1 91.0 130.7 S.F 
659 D-2 200.0 400.0 362.0 3.0 1.9 500.0 96.8 121.0 121.0 145.0 120.5 130.2 100.8 122.2 77.2 138.4 S.F 
660 D-3 200.0 400.0 362.0 4.0 1.9 500.0 96.8 121.0 102.0 145.0 118.4 130.2 100.8 120.2 67.7 138.4 S.F 
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661 1_1 305.0 306.0 233.0 2.9 1.2 431.0 66.1 130.0 107.0 90.0 96.2 106.0 101.5 97.6 49.0 100.2 F.F 
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665 2_1 203.0 306.0 235.0 2.9 1.2 483.0 68.6 57.0 78.0 69.0 65.9 72.7 74.0 66.8 45.1 68.9 S.F 
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669 1A 203.0 406.0 370.0 3.0 1.0 350.0 28.9 62.0 71.0 77.0 68.1 72.8 82.3 69.1 45.2 69.8 S.F 
670 2A 203.0 406.0 370.0 3.0 1.5 350.0 33.2 92.0 83.0 97.0 74.9 87.3 92.9 76.0 48.7 84.6 S.F 
671 5A 203.0 406.0 370.0 2.5 1.0 350.0 30.0 81.0 87.0 78.0 70.3 73.7 89.8 71.4 43.0 71.1 S.F 
672 1B 203.0 406.0 370.0 3.0 1.0 350.0 28.9 76.0 71.0 77.0 68.1 72.8 82.3 69.1 40.2 69.8 S.F 
673 2B 203.0 406.0 370.0 3.0 1.5 350.0 33.2 101.0 83.0 97.0 74.9 87.3 92.9 76.0 46.3 84.6 S.F 
674 3B 203.0 406.0 370.0 3.0 1.0 350.0 31.6 76.0 70.0 77.0 71.0 75.0 82.3 72.1 42.1 73.0 S.F 
675 5B 203.0 406.0 370.0 2.5 1.0 350.0 30.0 81.0 87.0 78.0 70.3 73.7 89.8 71.4 43.0 71.1 S.F 
676 6B 203.0 406.0 370.0 3.5 1.0 350.0 27.8 78.0 63.0 74.1 66.3 71.8 70.3 67.3 36.2 68.4 F.F 
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679 B1 200.0 500.0 465.0 3.0 1.4 420.0 27.2 104.0 85.0 101.0 83.7 92.2 101.6 85.0 49.9 93.4 S.F 
680 B2 200.0 500.0 465.0 3.0 1.4 420.0 24.9 87.0 83.0 116.0 80.4 89.5 98.7 81.6 52.5 89.4 S.F 
681 B3 200.0 500.0 465.0 3.0 1.4 420.0 32.1 85.0 86.0 117.0 90.4 97.4 107.4 91.7 60.4 101.5 S.F 
682 C1 100.0 250.0 232.0 3.0 1.3 420.0 25.6 23.0 29.0 24.0 20.3 26.2 29.6 20.6 15.3 20.5 S.F 
683 C2 100.0 250.0 232.0 3.0 1.3 420.0 25.6 24.0 29.0 24.0 20.3 26.2 29.6 20.6 15.0 20.5 S.F 
684 C3 100.0 250.0 232.0 3.0 1.3 420.0 27.5 28.0 29.0 25.0 21.0 26.9 30.3 21.3 14.3 21.3 S.F 
685 C4 100.0 250.0 232.0 3.0 1.3 420.0 20.8 23.0 28.0 24.0 18.5 24.5 27.6 18.8 13.8 18.5 S.F 
686 C5 100.0 250.0 232.0 3.0 1.3 420.0 22.4 27.0 28.0 26.0 19.1 25.1 28.3 19.4 13.1 19.2 S.F 
687 C6 100.0 250.0 232.0 3.0 1.3 420.0 28.8 28.0 30.0 26.0 21.4 27.3 30.7 21.8 14.6 21.8 S.F 
688 D1 60.0 150.0 139.0 3.0 1.4 420.0 32.0 12.0 11.0 10.0 8.1 10.6 11.9 8.2 5.4 8.0 S.F 
689 D2 60.0 150.0 139.0 3.0 1.4 420.0 32.0 12.0 11.0 10.0 8.1 10.6 11.9 8.2 5.4 8.0 S.F 
690 D3 60.0 150.0 139.0 3.0 1.4 420.0 32.0 11.0 11.0 10.0 8.1 10.6 11.9 8.2 5.7 8.0 S.F 
691 D4 60.0 150.0 139.0 3.0 1.4 420.0 32.0 11.0 11.0 10.0 8.1 10.6 11.9 8.2 5.7 8.0 S.F 
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) 692 B11 150.0 250.0 221.0 3.0 1.8 500.0 54.0 58.0 63.0 64.0 41.9 53.7 52.2 42.5 27.6 42.2 S.F 
693 B13 150.0 250.0 207.0 4.0 3.2 500.0 54.0 70.0 68.0 60.0 40.3 52.8 49.7 40.9 27.7 39.0 S.F 
694 B14 150.0 250.0 207.0 3.0 3.2 500.0 54.0 83.0 82.0 60.0 41.8 52.8 49.7 42.4 28.5 39.0 S.F 
695 B21 150.0 250.0 221.0 3.0 1.8 500.0 77.8 68.0 67.0 69.0 49.6 60.7 52.2 50.3 30.1 50.6 S.F 
696 B23 150.0 250.0 207.0 4.0 3.2 500.0 77.8 78.0 68.0 72.0 47.5 59.6 49.7 48.2 31.2 46.9 S.F 
697 B24 150.0 250.0 207.0 3.0 3.2 500.0 77.8 83.0 84.0 72.0 49.0 59.6 49.7 49.7 34.3 46.9 S.F 
698 B33 150.0 250.0 207.0 4.0 3.2 500.0 58.0 68.0 69.0 64.0 41.6 54.1 49.7 42.3 29.2 40.5 S.F 
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699 B34 150.0 250.0 207.0 3.0 3.2 500.0 58.0 83.0 83.0 64.0 43.1 54.1 49.7 43.7 29.6 40.5 S.F 
700 B43 150.0 250.0 207.0 4.0 3.2 500.0 86.4 86.0 66.0 75.0 49.9 61.7 49.7 50.6 31.0 49.4 S.F 
701 B44 150.0 250.0 207.0 3.0 3.2 500.0 86.4 107.0 82.0 75.0 51.3 61.7 49.7 52.1 31.1 49.4 S.F 
702 B51 150.0 250.0 221.0 3.0 1.8 500.0 97.7 56.0 65.0 62.0 55.2 65.5 52.2 56.0 37.9 56.7 S.F 
703 B53 150.0 250.0 207.0 4.0 3.2 500.0 97.7 77.0 61.0 78.0 52.8 64.3 49.7 53.5 35.3 52.5 S.F 
704 B54 150.0 250.0 207.0 3.0 3.2 500.0 97.7 78.0 77.0 78.0 54.2 64.3 49.7 55.0 39.7 52.5 S.F 
705 B61 300.0 500.0 442.0 3.0 1.8 500.0 77.8 180.0 190.0 276.0 198.4 208.1 175.6 201.3 129.4 228.2 S.F 
706 B63 300.0 500.0 414.0 4.0 3.2 500.0 77.8 229.0 190.0 286.0 190.2 203.8 167.2 193.0 126.6 217.2 S.F 
707 B64 300.0 500.0 414.0 3.0 3.2 500.0 77.8 281.0 220.0 286.0 195.9 203.8 167.2 198.9 127.8 217.2 S.F 
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708 V-S-1 457.0 406.0 360.0 3.3 1.0 524.0 40.9 177.0 168.0 217.0 174.3 175.8 219.5 176.8 93.6 175.7 S.F 
709 V-S-2 457.0 427.0 360.0 3.3 1.9 524.0 41.4 200.0 237.0 257.0 183.7 222.4 220.4 186.4 130.7 205.4 S.F 
710 V-D-2 457.0 406.0 360.0 3.3 0.4 745.0 43.7 132.0 124.0 81.0 129.6 129.6 129.6 129.6 59.2 129.3 S.F 
X
ie
, 
Y
. 
et
 a
l 
(1
9
9
4
) 
714 NNN-3 127.0 254.0 216.0 2.9 2.1 421.0 38.5 37.0 49.0 40.0 30.2 41.2 40.8 30.7 24.2 29.4 S.F 
715 NHN-3 127.0 254.0 216.0 2.9 2.1 421.0 100.9 46.0 54.0 48.0 46.8 56.8 43.5 47.5 35.0 47.5 S.F 
716 LNN1 127.0 254.0 216.0 1.0 0.9 324.0 33.8 105.9 73.0 78.7 29.6 61.4 39.0 30.1 10.9 27.0 F.F 
717 LNN2 127.0 254.0 216.0 2.0 0.9 324.0 44.8 33.4 36.0 33.0 31.2 33.7 34.7 31.7 20.8 31.1 S.F 
718 LNN3 127.0 254.0 216.0 3.0 0.9 324.0 40.3 22.7 26.0 23.0 26.2 26.2 23.1 24.7 20.9 23.1 S.F 
719 LHN1 127.0 254.0 216.0 1.0 2.1 324.0 107.0 188.6 190.0 179.0 54.5 115.9 43.5 55.4 22.6 48.9 F.F 
720 LHN2 127.0 254.0 216.0 2.0 2.1 324.0 76.0 85.4 64.0 65.0 42.6 51.7 43.5 43.3 24.7 41.2 S.F 
721 LHN3 127.0 254.0 216.0 3.0 2.1 324.0 103.0 43.4 48.0 37.0 47.2 57.2 43.5 47.9 36.0 48.0 S.F 
                    
        
Total Samples = 619 
      
        
Shear Failure=S.F = 566 
      
        
Flexural Failure= F.F = 53 
      
        
% S.F = 91.44 
      
        
% F.F = 8.56 
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Appendix B2: 
The Database of the beams with stirrups (BWS) is presented in the Appendix B2. 
  ID NAME b h fc ρb d fyb ρt fyt s ρw fyw av/d VEXP VANN VCFP VACI VEC245 VEC2 VJSCE VKBSC VCSA VNZ M.O.F 
      mm mm MPa % mm MPa % MPa mm % MPa   kN kN kN kN kN kN kN kN kN kN   
A
h
m
ad
 e
t 
al
 (
1
9
9
5
) 
1 LNW1 127 254 30.6 2.07 216 421 0.94 421 101 0.5 324 1 150 167 187 78 116 141 82.1 78.6 61.9 70.5 S.F 
2 LNW2 127 254 39 2.07 216 421 0.94 421 101 0.5 324 2 84.2 82 110 76.3 81.3 81.3 85.3 76.7 68.2 73.9 S.F 
3 LNW3 127 254 44.6 2.07 216 421 0.94 421 101 0.5 324 3 63.3 48 71.1 69.4 72.5 72.5 69.4 69.4 69.4 69.4 S.F 
4 LHW1 127 254 82.3 4.51 198 421 1.03 421 99 0.51 324 1 277 278 434 97 137 159 82.2 98 68.6 80.3 S.F 
5 LHW2 127 254 85.8 4.51 198 421 1.03 421 99 0.51 324 2 135 134 160 88 87.6 87.6 82.2 88.7 77.9 81.1 S.F 
6 LHW3 127 254 89.3 4.51 198 421 1.03 421 99 0.51 324 3 92.5 98 82.9 85.5 88.3 88.3 82.2 86.2 81.1 81.9 S.F 
7 LHW3a 127 254 88.2 4.51 198 421 1.03 421 76 0.66 324 3 107 105 98.4 97.8 99.4 99.4 94.7 98.5 91.7 94.2 S.F 
8 LHW3b 127 254 87 4.51 198 421 1.03 421 63 0.8 324 3 121 107 98.9 109 109 109 106 109 101 105 S.F 
9 LHW4 127 254 83 4.51 198 421 1.03 421 99 0.51 324 4 94.9 98 82.9 82.5 87.1 87.1 82.2 83.1 73.1 80.4 S.F 
A
lc
a 
et
 a
l 
(1
9
9
7
) 
10 SL1 150 282 51.1 2.32 230 410 0 0 115 0.91 410 4 74.8 71 76.4 64.1 73.9 73.9 64.1 66.3 66.3 63 S.F 
11 SL2 150 282 51.1 2.32 230 410 0 0 155 0.68 410 4 75.4 68 76.4 64.1 73.9 73.9 64.1 66.3 66.3 63 S.F 
12 SH1 150 302 90.1 4.64 230 410 0 0 155 0.68 410 4 148 152 129 125 128 128 114 130 118 120 S.F 
13 SH2 150 302 85.6 4.64 230 410 0 0 155 0.68 410 4 146 150 134 124 129 129 115 129 118 118 S.F 
14 ML1 235 443 52.7 2.36 360 409 0 0 160 0.42 409 4 178 177 191 161 184 184 160 167 164 157 S.F 
15 ML2 235 443 54.1 2.36 360 404 0 0 160 0.42 404 4 191 175 189 160 182 182 159 165 162 156 F.F 
16 MH1 235 475 90.3 4.73 360 402 0 0 160 0.94 402 4 362 351 316 307 315 315 281 320 290 293 S.F 
17 MH2 235 475 73.4 4.73 360 402 0 0 160 0.94 402 4 331 339 360 294 325 325 283 310 290 285 S.F 
18 LL1 335 630 54.2 2.32 515 409 0 0 230 0.46 428 4 376 358 383 325 369 369 322 336 329 315 S.F 
19 LL2 335 630 43.8 2.32 515 409 0 0 230 0.46 410 4 363 350 377 317 365 365 317 327 326 309 S.F 
20 LH1 335 678 90.3 4.64 515 406 0 0 115 0.92 426 4 750 804 639 621 637 637 567 647 587 594 F.F 
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21 LH2 335 678 87.7 4.64 515 412 0 0 115 0.92 432 4 760 834 661 625 649 649 576 653 595 599 F.F 
A
n
g
el
ak
as
 e
t 
al
 (
2
0
0
1
) 
22 DB0.530M 300 1000 32 0.48 975 550 0.14 483 300 0.08 508 2.77 263 230 217 262 268 268 263 263 191 265 S.F 
23 DB120M 300 1000 21 0.96 975 550 0.14 483 600 0.08 508 2.77 282 280 307 345 313 313 360 349 233 294 S.F 
24 DB140M 300 1000 38 0.96 975 550 0.14 483 300 0.08 508 2.77 277 328 426 419 359 359 414 424 268 357 S.F 
25 DB165M 300 1000 65 0.96 975 550 0.14 483 300 0.08 508 2.77 452 534 372 507 409 409 435 512 243 431 S.F 
26 DB180M 300 1000 80 0.96 975 550 0.14 483 300 0.08 508 2.77 395 688 327 526 431 520 435 532 276 465 S.F 
27 BM100 300 1000 47 0.72 975 550 0.14 483 600 0.08 508 2.77 342 366 311 391 352 352 393 395 223 344 S.F 
A
sh
o
u
r 
&
 W
af
a 
(1
9
9
3
) 
28 S-4-0.0 170 300 86.1 1.39 265 437 0.13 437 150 0.4 437 4 99.7 103 60.7 65.1 66 66 64.2 67 64.2 65.1 F.F 
29 S-6-0.0 170 300 86.1 1.39 265 437 0.13 437 150 0.4 437 6 65.8 70 48.3 43.4 44 44 42.8 44.7 42.8 43.4 F.F 
A
sh
o
u
r 
et
 a
l 
(2
0
0
0
) 
30 B-0.0-N2 200 250 48.6 1.18 215 530 0.13 530 150 0.34 530 6 45.1 29 43.1 40.3 41.9 41.9 41.1 41.1 41.1 41.1 F.F 
31 B-0.0-N3 200 250 48.6 1.77 215 530 0.13 530 150 0.34 530 6 59.8 55 62.6 56.6 61.2 61.2 58.1 58.9 58.1 58.1 S.F 
32 B-0.0-N4 200 250 48.6 2.37 215 530 0.13 530 150 0.34 530 6 76.3 83 81.5 69.8 78.3 78.3 73.6 74.4 72.9 72.9 S.F 
33 B-0.0-M2 200 250 78.5 1.18 215 530 0.13 530 150 0.34 530 6 42.8 39 48.2 41.9 43.4 43.4 41.9 43.4 41.9 41.9 S.F 
34 B-0.0-M3 200 250 78.5 1.77 215 530 0.13 530 150 0.34 530 6 62.7 54 64.5 60.5 62.8 62.8 60.5 62 60.5 60.5 S.F 
35 B-0.0-M4 200 250 78.5 2.37 215 530 0.13 530 150 0.34 530 6 80.4 73 84.3 77.5 82.2 82.2 77.5 80.6 77.5 77.5 S.F 
36 B-0.0-H2 200 250 102 1.18 215 530 0.13 530 150 0.34 530 6 43.3 45 48.6 43.4 43.4 43.4 42.6 44.2 42.6 42.6 S.F 
37 B-0.0-H3 200 250 102 1.77 215 530 0.13 530 150 0.34 530 6 64.2 61 69.5 62 63.6 63.6 60.5 62.8 62 62.8 S.F 
38 B-0.0-H4 200 250 102 2.37 215 530 0.13 530 150 0.34 530 6 83.8 75 85.6 79.8 82.9 82.9 78.3 82.9 79.1 80.6 S.F 
B
id
d
ah
 
et
 
al
 
(1
9
9
7
) 
39 J2 510 610 22 0.7 507 440 0.54 440 60 0.42 438 2.21 397 395 342 338 342 342 338 337 337 338 F.F 
B
re
sl
er
 &
 S
co
rd
el
is
 (
1
9
6
3
) 
40 A-1 307 561 24.1 1.8 466 555 0.18 345 210 0.1 325 3.92 234 237 172 169 192 192 196 170 113 182 S.F 
41 A-2 304 559 24.3 2.29 464 555 0.18 345 210 0.1 325 4.93 245 245 171 167 195 195 195 169 112 180 S.F 
42 A-3 307 561 35 2.7 466 552 0.18 345 210 0.1 325 6.91 234 215 195 190 218 218 207 192 122 210 S.F 
43 B-1 231 556 24.8 2.42 461 555 0.24 345 191 0.15 325 3.95 222 223 132 145 162 162 163 147 105 153 S.F 
44 B-2 229 561 23.2 2.42 466 555 0.24 345 191 0.15 325 4.91 200 191 123 141 160 160 153 142 101 150 S.F 
45 B-3 229 556 38.8 3.06 461 552 0.25 345 191 0.15 325 6.95 178 148 156 162 179 179 169 163 115 176 S.F 
46 C-1 155 559 29.6 1.8 464 555 0.36 345 210 0.2 325 3.95 156 135 92.1 113 122 122 127 114 75.4 121 S.F 
47 C-2 152 559 23.8 3.65 464 555 0.36 345 210 0.2 325 4.93 162 157 92.3 110 118 118 110 111 88.1 113 S.F 
48 C-3 155 554 35 3.63 459 555 0.36 345 210 0.2 325 6.98 136 116 96.5 111 129 129 108 114 90.5 118 S.F 
B
u
rn
s 
&
 S
ie
ss
 
(1
9
6
2
) 
 
49 J2 203 305 28.1 1.97 254 331 1.1 335 152 0.46 320 3.12 99.6 88 99.4 93.4 97.2 97.2 92.2 93.4 93.4 94.7 F.F 
50 J8 203 305 32.3 1.97 254 313 1.97 314 152 0.46 320 3.12 92.3 83 96.4 89.6 93.4 93.4 90.9 90.9 90.9 89.6 S.F 
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51 J17 203 305 26.9 1.97 254 323 1.97 323 152 0.46 320 3.12 94.4 85 96.9 90.9 94.7 94.7 90.9 90.9 90.9 93.4 S.F 
52 J18 152 305 30.4 2.63 254 313 2.63 325 152 0.61 320 3.12 89.6 89 91.9 87.1 90.9 90.9 87.1 87.1 87.1 89.6 S.F 
53 J24 152 305 34.5 0.67 254 334 0.67 330 152 0.61 320 3.12 28.7 43 47.9 29 29 29 29 29 27.8 29 S.F 
54 J14 203 406 31 1.41 356 325 0.79 345 152 0.46 320 2.23 140 141 141 135 138 138 135 135 135 138 S.F 
55 J13 203 406 33.1 1.41 356 314 1.41 317 152 0.46 320 2.23 143 139 138 131 136 136 131 131 134 133 F.F 
56 J20 203 406 30.2 1.41 356 316 1.41 321 152 0.21 320 2.23 138 127 138 118 122 122 133 119 92 125 F.F 
57 J5 203 508 34.5 1.1 457 311 0.61 337 152 0.46 320 1.73 195 203 178 170 176 176 173 172 173 173 F.F 
58 J6 203 508 35.6 1.1 457 319 1.1 320 152 0.46 320 1.73 200 208 182 176 181 181 174 176 177 178 F.F 
59 J22 203 508 30.5 1.1 457 319 1.1 320 152 0.46 320 1.73 202 197 180 176 177 177 176 176 176 176 F.F 
B
u
rn
s 
&
 S
ie
ss
 (
1
9
6
2
) 
 60 J1 203 305 34 1.97 254 328 0 0 152 0.46 320 3.12 99.7 85 93.6 87.1 97.2 97.2 84.6 87.1 88.4 87.1 S.F 
61 J11 203 305 28.3 1.97 254 323 0 0 152 0.46 320 3.12 93.6 85 93.5 83.3 93.4 93.4 82.1 84.6 85.9 85.9 S.F 
62 J10 203 406 24.8 1.41 356 311 0 0 152 0.46 320 2.23 130 135 134 117 130 130 114 117 121 121 S.F 
63 J19 203 406 26.9 1.41 356 316 0 0 152 0.21 320 2.23 90.2 120 136 115 119 119 116 116 105 120 S.F 
64 J4 203 508 33.2 1.1 457 310 0 0 152 0.46 320 1.73 182 199 175 157 173 173 153 158 160 157 F.F 
65 J9 203 508 28.9 1.1 457 324 0 0 152 0.46 320 1.73 186 194 182 162 179 179 158 163 167 165 F.F 
66 J21 203 508 30 1.1 457 328 0 0 152 0.46 320 1.73 186 199 185 164 182 182 160 165 169 167 F.F 
ca
m
p
io
n
e 
&
 
M
an
g
av
il
la
n
o
 (
2
0
0
8
) 67 c(5)1 150 150 32.5 1.13 133 467 1.13 467 50 0.75 520 2.07 63.7 63 48.1 47.3 47.3 47.3 47.3 47.3 47.3 47.3 F.F 
68 c(5)2 150 150 32.5 1.13 133 467 1.13 467 50 0.75 520 2.07 65.4 63 48.1 47.3 47.3 47.3 47.3 47.3 47.3 47.3 F.F 
69 c(15)1 150 150 29.8 1.22 123 467 1.22 467 50 0.75 520 2.24 56.5 58 44.9 43.6 43.6 43.6 40 43.6 43.6 43.6 F.F 
70 c(15)2 150 150 29.8 1.22 123 467 1.22 467 50 0.75 520 2.24 58.9 58 44.9 43.6 43.6 43.6 40 43.6 43.6 43.6 F.F 
71 c(25)1 150 150 30.2 1.33 113 467 1.33 467 50 0.75 520 2.43 54.2 54 43.6 36.4 40 40 36.4 40 40 40 F.F 
72 c(25)2 150 150 30.2 1.33 113 467 1.33 467 50 0.75 520 2.43 56.1 54 43.6 36.4 40 40 36.4 40 40 40 F.F 
C
h
u
n
x
ia
n
g
 
&
 
P
o
tn
ai
k
u
n
i 
(1
9
9
9
) 73 CF 120 150 78.4 2.64 127 400 0.37 400 125 0.38 400 5.12 28.2 26 33.1 27.7 29.2 29.2 27.7 29.2 27.7 27.7 S.F 
74 CS 120 150 74.3 2.64 127 400 0.37 400 125 0.38 400 5.12 27.1 26 33 27.7 29.2 29.2 27.7 29.2 27.7 27.7 S.F 
75 CT 120 150 72.8 2.64 127 400 0.37 400 125 0.38 400 5.12 26.9 26 33 27.7 29.2 29.2 27.7 29.2 27.7 27.7 S.F 
C
la
rc
k
 (
1
9
5
1
) 76 A1-1 203 457 24.7 3.1 390 321 0 0 183 0.38 331 2.34 224 233 241 180 180 183 188 182 169 178 S.F 
77 2 203 457 23.7 3.1 390 321 0 0 183 0.38 331 2.34 211 228 237 179 179 179 186 180 171 177 S.F 
78 3 203 457 23.4 3.1 390 321 0 0 183 0.38 331 2.34 224 227 236 179 178 187 186 180 168 176 S.F 
79 4 203 457 24.8 3.1 390 321 0 0 183 0.38 331 2.34 246 234 242 180 180 193 188 182 165 178 S.F 
80 B1-1 203 457 23.4 3.1 390 321 0 0 191 0.37 331 1.95 281 267 295 178 177 210 182 179 158 172 S.F 
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81 2 203 457 25.4 3.1 390 321 0 0 191 0.37 331 1.95 259 280 285 181 179 195 184 182 164 175 S.F 
82 3 203 457 23.7 3.1 390 321 0 0 191 0.37 331 1.95 287 269 296 178 177 212 182 180 157 172 S.F 
83 4 203 457 23.3 3.1 390 321 0 0 191 0.37 331 1.95 270 266 295 178 176 206 182 179 160 172 S.F 
84 5 203 457 24.6 3.1 390 321 0 0 191 0.37 331 1.95 243 276 300 180 178 190 183 181 166 174 S.F 
85 B2-1 203 457 23.2 3.1 390 321 0 0 95 0.74 331 1.95 303 308 346 275 264 318 274 276 270 269 S.F 
86 2 203 457 26.3 3.1 390 321 0 0 95 0.74 331 1.95 325 329 349 279 267 327 282 280 267 274 S.F 
87 3 203 457 24.9 3.1 390 321 0 0 95 0.74 331 1.95 338 322 350 277 266 323 281 278 263 271 S.F 
88 B6-1 203 457 42.1 3.1 390 321 0 0 191 0.37 331 1.95 382 375 330 199 196 208 201 200 154 198 F.F 
89 C1-1 203 457 25.7 2.07 390 321 0 0 203 0.34 331 1.56 280 274 305 172 198 220 179 173 140 170 S.F 
90 2 203 457 26.3 2.07 390 321 0 0 203 0.34 331 1.56 314 277 306 172 198 231 180 174 134 171 F.F 
91 3 203 457 24 2.07 390 321 0 0 203 0.34 331 1.56 248 267 305 170 195 211 177 171 145 167 S.F 
92 4 203 457 29 2.07 390 321 0 0 203 0.34 331 1.56 288 292 309 176 202 217 183 177 141 175 S.F 
93 C2-1 203 457 23.7 2.07 390 321 0 0 102 0.69 331 1.56 292 298 305 259 275 289 252 259 237 256 S.F 
94 2 203 457 25 2.07 390 321 0 0 102 0.69 331 1.56 303 300 304 260 277 292 254 261 235 258 S.F 
95 3 203 457 24.1 2.07 390 321 0 0 102 0.69 331 1.56 326 299 305 259 276 290 252 260 228 257 F.F 
96 4 203 457 27 2.07 390 321 0 0 102 0.69 331 1.56 290 305 307 263 280 295 257 264 240 261 S.F 
97 C3-1 203 457 14.1 2.07 390 321 0 0 203 0.34 331 1.56 226 199 281 155 176 231 163 156 140 149 S.F 
98 2 203 457 13.8 2.07 390 321 0 0 203 0.34 331 1.56 202 196 280 155 176 223 162 156 144 149 S.F 
99 3 203 457 13.9 2.07 390 321 0 0 203 0.34 331 1.56 190 197 280 155 176 216 163 156 147 149 S.F 
100 C4-1 203 457 24.5 3.1 390 321 0 0 203 0.34 331 1.56 312 319 401 179 196 234 178 181 154 168 S.F 
101 C6-2 203 457 45.2 3.1 390 321 0 0 203 0.34 331 1.56 427 443 440 201 222 239 197 203 151 196 S.F 
102 3 203 457 44.7 3.1 390 321 0 0 203 0.34 331 1.56 438 443 439 201 221 242 197 203 149 195 S.F 
103 4 203 457 47.6 3.1 390 321 0 0 203 0.34 331 1.56 432 445 445 204 224 238 198 205 152 199 S.F 
104 D1-1 203 457 26.2 1.63 390 335 0 0 152 0.46 331 1.17 303 320 341 204 254 293 210 205 165 201 S.F 
105 2 203 457 26.1 1.63 390 335 0 0 152 0.46 331 1.17 359 320 341 203 254 316 210 205 154 201 F.F 
106 3 203 457 24.6 1.63 390 335 0 0 152 0.46 331 1.17 259 310 342 202 251 276 208 203 174 199 S.F 
107 D2-1 203 457 24 1.63 390 335 0 0 114 0.61 331 1.17 292 311 341 241 286 326 247 242 211 238 S.F 
108 2 203 457 25.9 1.63 390 335 0 0 114 0.61 331 1.17 315 320 341 243 290 330 250 245 206 241 S.F 
109 3 203 457 24.8 1.63 390 335 0 0 114 0.61 331 1.17 337 315 342 242 288 328 248 243 200 239 S.F 
110 4 203 457 24.5 1.63 390 335 0 0 114 0.61 331 1.17 338 314 341 242 287 328 248 243 200 239 S.F 
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111 D3-1 203 457 28.2 2.44 390 335 0 0 76 0.92 331 1.17 398 418 496 336 377 473 333 338 312 325 S.F 
112 D4-1 203 457 23.1 1.63 390 335 0 0 57 1.23 331 1.17 315 318 340 293 326 326 284 293 297 309 S.F 
113 D1-6 152 381 27.7 3.42 315 321 0 0 203 0.46 331 1.45 176 199 298 132 147 163 131 133 126 120 S.F 
114 7 152 381 28 3.42 315 321 0 0 203 0.46 331 1.45 181 199 298 132 147 165 131 133 125 120 S.F 
115 8 152 381 27.8 3.42 315 321 0 0 203 0.46 331 1.45 187 199 298 132 147 168 131 133 124 120 S.F 
116 E1-2 152 381 30.2 3.42 315 321 0 0 127 0.74 331 2.02 224 206 227 172 166 213 176 173 162 166 S.F 
117 D2-6 152 381 29.5 3.42 315 321 0 0 152 0.61 331 2.42 170 175 183 150 148 158 154 151 146 146 S.F 
118 7 152 381 28.4 3.42 315 321 0 0 152 0.61 331 2.42 159 178 181 149 147 154 151 150 148 145 S.F 
119 8 152 381 26.1 3.42 315 321 0 0 152 0.61 331 2.42 170 181 176 148 146 168 148 148 144 143 S.F 
120 D4-1 152 381 27.4 3.42 315 321 0 0 191 0.49 331 2.42 170 165 155 129 129 143 135 130 121 124 S.F 
121 2 152 381 25.7 3.42 315 321 0 0 191 0.49 331 2.42 159 166 152 127 127 141 134 128 123 123 S.F 
122 3 152 381 22.1 3.42 315 321 0 0 191 0.49 331 2.42 166 161 155 125 125 154 131 125 119 120 S.F 
123 D5-1 152 381 27.7 3.42 315 321 0 0 254 0.37 331 2.42 147 147 132 110 111 112 116 111 103 105 S.F 
124 2 152 381 29 3.42 315 321 0 0 254 0.37 331 2.42 159 144 134 111 112 115 117 111 101 107 S.F 
125 3 152 381 27.1 3.42 315 321 0 0 254 0.37 331 2.42 159 148 131 109 111 118 116 110 99.9 105 S.F 
E
l-
N
ie
m
a 
 
126 1 100 200 22.7 2.3 175 250 2.3 250 125 0.45 250 3.86 41 40 23.9 23.7 23.7 23.7 23.7 23.7 23.7 23.7 F.F 
F
ro
sc
h
 
127 V1 457 914 36.5 0.99 851 476 0.04 483 372 0.08 483 3 395 455 507 550 485 485 558 556 353 486 S.F 
128 V2 457 914 36.5 0.99 851 476 0.04 483 372 0.08 483 3 492 455 507 550 485 485 558 556 319 486 S.F 
Is
h
ik
aw
a 
et
 a
l 
(1
9
9
2
) 
129 BL22 250 350 26.1 1.45 315 261 1.45 261 40 0.21 297 2.22 129 123 127 122 127 127 123 123 103 124 F.F 
130 BL13 250 350 26.9 0.51 315 888 0.51 888 30 0.28 297 2.22 142 147 150 134 121 121 146 135 68.3 124 S.F 
Ja
n
g
 e
t 
al
 (
2
0
0
8
) 
131 4B2-05 140 260 40 1.93 210 435 0 0 50 2.24 395 2.5 98.6 96 91.2 78.1 87.6 87.6 76.2 80 80 76.2 F.F 
132 6B2-05 140 260 60 1.93 210 435 0 0 50 2.24 395 2.5 105 92 93.5 80 89.5 89.5 78.1 81.9 80 78.1 F.F 
133 7B2-05 140 260 75 2.59 210 450 0 0 50 2.24 395 2.5 140 127 129 110 116 116 105 114 107 105 F.F 
134 4B3-0.05 250 260 40 0.21 300 395 0 0 50 1.26 395 3.2 30.9 121 17.1 17.7 18.8 18.8 17.7 17.7 17.7 17.7 F.F 
135 4B3-0.1 250 260 40 0.35 300 413 0 0 50 1.26 395 3.2 45.7 127 30.2 31.3 33.3 33.3 30.2 31.3 31.3 30.2 F.F 
136 4B3-0.5 140 260 40 1.93 210 435 0 0 50 2.24 395 3.2 76.2 73 67.9 61 68.5 68.5 59.5 62.5 62.5 59.5 F.F 
137 6B3-0.5 140 260 60 1.93 210 435 0 0 50 2.24 395 3.2 83.3 76 62.4 62.5 69.9 69.9 61 64 62.5 61 F.F 
138 7B3-0.05 250 260 75 0.35 300 413 0 0 50 1.26 395 3.2 49.4 99 24.2 31.3 32.3 32.3 30.2 31.3 30.2 30.2 F.F 
139 7B3-0.1 250 260 75 0.53 300 413 0 0 50 1.26 395 3.2 70.5 105 36.4 46.9 47.9 47.9 44.8 46.9 45.8 44.8 F.F 
140 7B3-0.5 140 260 75 2.59 210 435 0 0 50 2.24 395 3.2 106 117 73.2 83.3 89.3 89.3 78.9 86.3 81.8 80.4 F.F 
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141 4B3-0.3 140 260 40 1.37 210 418 0 0 50 2.24 395 4 38.9 40 39.8 34.5 39.3 39.3 34.5 34.5 35.7 33.3 S.F 
142 4B4-0.5 140 260 40 1.93 210 435 0 0 50 2.24 395 4 58.8 57 57 48.8 54.8 54.8 47.6 50 50 47.6 F.F 
143 4B4-0.7 140 260 40 2.59 210 450 0 0 50 2.24 395 4 76.3 75 76.5 63.1 72.6 72.6 63.1 65.5 65.5 63.1 S.F 
144 4B4-1.0 140 260 40 4.15 195 435 0 0 50 2.24 395 4 94.2 92 103 74.4 94.9 94.9 79.5 84.6 80.8 82.1 S.F 
145 6B4-0.5 140 260 60 1.93 210 435 0 0 50 2.24 395 4 67.6 60 58.4 50 56 56 48.8 51.2 50 48.8 F.F 
146 7B4-0.3 140 260 71 1.93 210 435 0 0 50 2.24 395 4 67.5 83 56.4 51.2 54.8 54.8 48.8 52.4 50 48.8 F.F 
147 7B4-0.5 140 260 71 2.59 210 450 0 0 50 2.24 395 4 83.5 90 78.3 67.9 73.8 73.8 65.5 70.2 66.7 65.5 F.F 
148 7B4-0.7 140 260 71 4.15 195 435 0 0 50 2.24 395 4 102 102 111 91 101 101 87.2 94.9 89.7 87.2 S.F 
149 7B4-1.0 140 260 75 5.57 195 450 0 0 50 2.24 395 4 127 122 149 115 132 132 117 126 115 114 S.F 
150 4B4-0.7(C0.2) 140 260 40 2.59 210 450 0.53 395 100 1.12 395 4 78.3 70 76.6 67.9 73.8 73.8 69 70.2 69 69 F.F 
151 4B4-0.7(C0.3) 140 260 40 2.59 210 450 0.9 413 100 1.12 395 4 80 70 76.6 69 73.8 73.8 70.2 70.2 70.2 70.2 F.F 
152 7B4-0.7(C0.2) 140 260 75 4.15 195 435 0.86 395 100 1.12 395 4 103 100 112 98.7 106 106 98.7 104 100 100 S.F 
153 7B4-0.7(C0.3) 140 260 75 4.15 195 435 1.39 450 100 1.12 395 4 103 100 113 98.7 108 108 100 104 100 100 S.F 
154 4B2-0.5 140 260 40 1.93 210 435 0 0 100 1.12 395 2.5 88.7 96 91.1 78.1 87.6 87.6 76.2 80 80 76.2 S.F 
155 6B2-0.5 140 260 60 1.93 210 435 0 0 100 1.12 395 2.5 94.8 69 93.5 80 89.5 89.5 78.1 81.9 80 76.2 F.F 
156 7B2-0.5 140 260 75 2.59 210 450 0 0 100 1.12 395 2.5 126 81 129 110 116 116 105 114 107 105 S.F 
157 4B3-0.05 250 260 40 0.21 300 395 0 0 70 0.9 395 3.2 88 80 17.1 17.7 18.8 18.8 17.7 17.7 17.7 17.7 F.F 
158 4B3-0.1 250 260 40 0.35 300 413 0 0 70 0.9 395 3.2 90 85 30.2 31.3 33.3 33.3 30.2 31.3 31.3 30.2 F.F 
159 4B3-0.5 140 260 40 1.93 210 435 0 0 100 1.12 395 3.2 68.6 70 67.9 61 68.5 68.5 59.5 62.5 62.5 59.5 S.F 
160 6B3-0.5 140 260 60 1.93 210 435 0 0 100 1.12 395 3.2 75 72 62.4 62.5 69.9 69.9 61 64 62.5 59.5 F.F 
161 7B3-0.05 250 260 75 0.35 300 413 0 0 70 0.9 395 3.2 105 95 24.2 31.3 32.3 32.3 30.2 31.3 30.2 30.2 F.F 
162 7B3-0.1 250 260 75 0.53 300 413 0 0 70 0.9 395 3.2 108 100 36.4 46.9 47.9 47.9 44.8 46.9 45.8 44.8 F.F 
163 7B3-0.5 140 260 75 2.59 210 450 0 0 100 1.12 395 3.2 95.1 88 75.6 86.3 90.8 90.8 81.8 89.3 83.3 81.8 S.F 
164 4B4-0.3 140 260 40 1.37 210 418 0 0 100 1.12 395 4 35 41 39.8 34.5 39.3 39.3 34.5 34.5 35.7 33.3 S.F 
165 4B4-0.5 140 260 40 1.93 210 435 0 0 100 1.12 395 4 53 53 57 48.8 54.8 54.8 47.6 50 50 47.6 S.F 
166 4B4-0.7 140 260 40 2.59 210 450 0 0 100 1.12 395 4 68.7 70 76.5 63.1 72.6 72.6 63.1 65.5 65.5 63.1 S.F 
167 4B4-1.0 140 260 40 4.15 195 435 0 0 100 1.12 395 4 84.8 98 103 74.4 94.9 94.9 79.5 84.6 80.8 82.1 S.F 
168 6B4-0.5 140 260 60 1.93 210 435 0 0 100 1.12 395 4 60.9 67 58.4 50 56 56 48.8 51.2 50 47.6 F.F 
169 7B4-0.3 140 260 71 1.93 210 435 0 0 100 1.12 395 4 60.7 78 56.4 51.2 54.8 54.8 48.8 52.4 50 48.8 F.F 
170 7B4-0.5 140 260 71 2.59 210 450 0 0 100 1.12 395 4 75.1 88 78.2 67.9 73.8 73.8 65.5 70.2 66.7 65.5 S.F 
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171 7B4-0.7 140 260 71 4.15 195 435 0 0 100 1.12 395 4 92.2 96 111 91 100 100 87.2 94.9 89.7 87.2 S.F 
172 7B4-1.0 140 260 75 5.57 195 450 0 0 100 1.12 395 4 114 120 149 115 132 132 117 126 115 114 S.F 
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173 CL22 250 350 31.9 1.45 315 453 1.45 453 48 0.47 425 2.22 237 241 216 210 214 214 213 213 189 211 F.F 
174 CL16 250 350 31.9 0.77 315 801 0.77 801 55 0.41 425 2.22 213 225 203 196 198 198 197 197 124 199 F.F 
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175 23.5 152 305 38.5 2.64 254 394 0 0 89 1.05 341 6 61 62 60.3 50.5 57.7 57.7 50.5 51.8 51.8 50.5 F.F 
176 23.5 152 305 34.8 2.64 254 394 0 0 152 0.61 341 6 60 69 59.7 49.2 57.1 57.1 49.2 50.5 51.2 50.5 F.F 
177 26a 152 305 34.8 2.64 254 394 0 0 152 0.61 341 6 62 69 59.7 49.2 57.1 57.1 49.2 50.5 51.2 50.5 F.F 
178 26b 152 305 38 2.64 254 394 0 0 254 0.37 341 6 61 64 60.2 50.5 57.7 57.7 50.5 51.8 51.8 50.5 F.F 
179 210a 152 305 38 2.64 254 394 0 0 254 0.37 341 6 63 64 60.2 50.5 57.7 57.7 50.5 51.8 51.8 50.5 F.F 
180 210b 152 305 39 2.64 254 394 0 0 254 0.37 341 6 67 63 60.4 50.5 57.7 57.7 50.5 51.8 51.8 50.5 F.F 
181 210c 152 305 39.5 2.64 254 394 0 0 305 0.31 341 6 65 61 60.5 51.2 57.7 57.7 50.5 51.8 51.8 50.5 F.F 
182 212a 152 305 39.5 2.64 254 394 0 0 305 0.31 341 6 69 61 60.5 51.2 57.7 57.7 50.5 51.8 51.8 50.5 F.F 
183 42028 254 508 37.3 2.23 456 386 0 0 102 0.55 341 4.01 245 254 228 195 220 220 194 199 200 195 F.F 
184 42030 254 508 40.1 2.23 456 386 0 0 152 0.37 341 4.01 207 234 229 197 221 221 196 201 201 194 S.F 
185 29a-1 254 508 38.8 2.23 456 386 0 0 229 0.24 341 4.01 160 203 193 196 221 221 195 200 197 194 S.F 
186 29b-1 254 508 37.6 2.23 456 386 0 0 229 0.24 341 4.01 160 200 193 195 220 220 194 199 196 195 S.F 
187 213,5-1 254 508 38.9 2.23 456 386 0 0 343 0.16 341 4.01 148 182 172 189 206 206 195 191 162 194 S.F 
188 24,5-2 254 508 37.6 2.23 456 386 0 0 114 0.49 372 4.01 244 253 228 195 220 220 194 199 200 195 F.F 
189 29a-2 254 508 37.2 2.23 456 386 0 0 229 0.24 372 4.01 217 204 210 195 220 220 194 199 185 195 S.F 
190 29b-2 254 508 41.4 2.23 456 386 0 0 229 0.24 372 4.01 202 213 210 196 223 223 196 202 194 194 S.F 
191 29c-2 254 508 24.1 2.23 456 386 0 0 229 0.24 372 4.01 161 172 210 183 204 204 179 183 186 193 S.F 
192 29d-2 254 508 30.4 2.23 456 386 0 0 229 0.24 372 4.01 165 187 210 190 213 213 188 192 195 196 S.F 
193 0.29 254 508 48.5 2.23 456 386 0 0 229 0.24 372 4.01 206 216 210 199 226 226 200 206 198 195 S.F 
194 29f-2 254 508 41.8 2.23 456 386 0 0 229 0.24 372 4.01 234 214 210 196 223 223 197 202 183 193 F.F 
195 29g-2 254 508 15.7 2.23 456 386 0 0 229 0.24 372 4.01 150 149 203 135 175 175 138 145 154 178 S.F 
196 213,5a-2 254 508 37 2.23 456 386 0 0 343 0.16 372 4.01 161 183 165 192 209 209 194 194 162 195 S.F 
197 218a-2 254 508 37.6 2.23 456 386 0 0 457 0.12 372 4.01 164 173 167 176 194 194 194 178 140 190 S.F 
198 24,5-3 254 508 35.4 2.23 456 386 0 0 114 0.49 237 4.01 233 216 227 194 218 218 192 197 198 195 F.F 
199 42092 254 508 34.3 2.23 456 386 0 0 229 0.24 237 4.01 178 175 154 185 202 202 191 187 150 196 S.F 
200 39-1 254 508 37.2 2.23 456 386 0 0 229 0.24 517 4.01 248 225 228 195 220 220 194 199 200 195 F.F 
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201 313,5-1 254 508 37.2 2.23 456 386 0 0 343 0.16 517 4.01 251 201 195 195 220 220 194 199 166 195 F.F 
202 318-1 254 508 40.5 2.23 456 386 0 0 457 0.12 517 4.01 220 192 178 198 216 216 196 201 150 194 S.F 
203 321-1 254 508 38.8 2.23 456 386 0 0 533 0.1 517 4.01 164 181 172 188 204 204 195 190 154 194 S.F 
204 39-2 254 508 37.1 2.23 456 386 0 0 229 0.24 352 4.01 249 202 199 195 219 219 194 199 169 195 F.F 
205 313,5-2 254 508 39.6 2.23 456 386 0 0 343 0.16 352 4.01 235 185 175 193 209 209 195 194 137 194 F.F 
206 318-2 254 508 38.9 2.23 456 386 0 0 457 0.12 352 4.01 177 173 172 175 193 193 193 177 134 190 S.F 
207 321-2 254 508 38 2.23 456 386 0 0 533 0.1 352 4.01 167 165 169 167 185 185 185 168 127 181 S.F 
208 39-3 254 508 42.7 2.23 456 386 0 0 229 0.24 276 4.01 240 198 186 197 223 223 197 202 151 193 F.F 
209 313,5-3 254 508 42.7 2.23 456 386 0 0 343 0.16 276 4.01 214 179 186 183 200 200 197 185 129 193 S.F 
210 318-3 254 508 43 2.23 456 386 0 0 457 0.12 276 4.01 175 169 187 170 188 188 187 172 125 186 S.F 
211 321-3 254 508 43 2.23 456 386 0 0 533 0.1 276 4.01 141 164 187 164 183 183 182 166 130 181 S.F 
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212 N4 100 152 40.7 0.18 142 716 0.18 716 50 2.02 320 4.23 4.1 3 4.41 5 5 5 5 5 5 5 S.F 
213 N10 100 152 40.7 2.21 142 460 0.18 716 50 2.02 320 4.23 28.4 28 31.4 26.7 30 30 26.7 28.3 28.3 26.7 S.F 
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214 Sp. 1 203 254 29 1.38 203 362 0.97 376 51 0.62 273 5.81 35.1 35 34.9 31.3 33 33 31.3 31.3 31.3 32.2 F.F 
215 Sp.2 203 254 29 1.38 203 335 0.97 376 51 0.62 273 5.81 28.5 33 32.8 29.6 31.3 31.3 29.6 29.6 29.6 29.6 S.F 
216 Sp.3 203 254 28.3 1.38 203 336 0.97 341 102 0.31 273 5.81 29.1 33 32.7 28.8 30.5 30.5 28.8 29.6 29.6 30.5 S.F 
217 Sp.4 203 254 27.6 1.38 203 337 0.97 332 102 0.31 273 5.81 33.9 33 32.7 29.6 31.3 31.3 28.8 29.6 29.6 30.5 F.F 
218 Sp.5 203 254 24.8 1.38 203 351 0.97 323 51 0.62 273 5.16 40.9 39 37.7 33.4 35.3 35.3 33.4 33.4 33.4 34.4 F.F 
219 Sp.6 203 254 24.8 1.38 203 356 0.97 338 102 0.31 273 5.16 40.1 37 38.2 34.4 35.3 35.3 34.4 34.4 34.4 35.3 F.F 
220 Sp.7 203 254 25.5 1.38 203 328 0.97 372 102 0.31 273 5.16 38.4 35 35.4 32.5 33.4 33.4 31.5 32.5 31.5 32.5 F.F 
221 Sp.8 203 254 29 1.38 203 332 0.97 332 102 0.31 273 5.16 38 36 36.8 32.5 35.3 35.3 32.5 33.4 33.4 33.4 F.F 
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222 BA1 200 300 29.3 2.48 214 400 1.24 400 62.8 0.4 492 2.8 135 128 93.4 127 133 133 130 128 116 124 S.F 
223 BA2 200 300 29.3 2.48 214 400 1.24 400 53 0.27 696 2.8 135 128 93.4 123 130 130 130 123 111 119 S.F 
224 BA3 200 300 29.3 2.48 214 400 1.24 400 70.7 0.2 838 2.8 135 126 93.4 115 123 123 130 115 102 112 S.F 
225 BA4 200 300 29.3 2.48 214 400 1.24 400 19.1 2.06 692 2.8 135 138 93.4 130 133 133 130 130 130 133 S.F 
226 BA5 200 300 29.3 2.48 214 400 1.24 400 47.1 0.53 732 2.8 135 134 93.4 130 133 133 130 130 130 133 S.F 
227 BA6 200 300 29.3 2.48 214 400 1.24 400 62.5 0.4 876 2.8 135 134 93.4 130 133 133 130 130 130 133 S.F 
228 BA7 200 300 43.4 2.53 210 400 1.26 400 70.7 0.2 582 2.86 135 131 97.7 98.9 110 110 114 99.7 81.2 96.3 S.F 
229 BA8 200 300 43.4 2.53 210 400 1.26 400 106 0.13 696 2.86 135 128 78 89.1 101 101 104 89.8 70.3 86.5 S.F 
230 BA9 200 300 43.4 2.53 210 400 1.26 400 141 0.1 838 2.86 135 127 70.6 85.4 97.9 97.9 101 86.1 66.2 82.8 S.F 
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231 BA10 200 300 43.4 2.53 210 400 1.26 400 65.4 0.6 692 2.86 135 145 107 130 137 137 132 132 132 132 S.F 
232 BA11 200 300 43.4 2.53 210 400 1.26 400 62.8 0.4 732 2.86 135 141 107 130 137 137 132 132 132 132 S.F 
233 BA12 200 300 43.4 2.53 210 400 1.26 400 47.1 0.3 838 2.86 135 140 107 130 137 137 132 132 132 132 S.F 
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234 S0 300 450 33.2 1.27 399 455 1.27 455 100 1.05 471 4.45 188 178 146 141 144 144 141 141 142 143 F.F 
235 S50 300 450 33.2 1.27 399 455 1.27 455 100 1.05 471 4.45 187 178 146 141 144 144 141 141 142 143 F.F 
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) 236 C205-D10 150 350 23.2 2.61 315 361 0.33 353 160 0.24 354 2 137 140 156 86 90.4 95.3 93.4 86.7 74.1 82.1 S.F 
237 C205-D20 150 350 24.3 2.08 315 387 0.33 353 160 0.24 354 2 123 114 144 84.7 91.3 91.3 94.3 85.4 71.8 83.1 S.F 
238 C210-D0A 150 350 27.3 2.61 315 361 0.33 353 80 0.47 354 2 177 161 188 129 129 149 136 129 115 125 S.F 
239 C210-S0 150 350 23 2.61 315 361 2.61 361 80 0.47 354 2 196 174 192 125 126 168 133 126 109 121 S.F 
240 C305-D0 150 350 26 2.61 315 361 0.33 353 160 0.24 354 3 108 111 78.9 84.5 92.5 92.5 95.5 85.2 74.4 84.6 S.F 
241 C310-D10 150 350 24.2 2.61 315 360 0.33 353 80 0.47 354 3 132 141 142 113 124 124 111 113 113 119 S.F 
242 C310-D20 150 350 24.5 2.61 315 360 0.33 353 80 0.47 354 3 140 136 129 113 124 124 111 113 111 119 F.F 
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243 No.1 300 450 36.7 4.46 341 523 1.49 523 65 0.58 846 3.23 523 529 623 489 518 518 415 435 424 441 S.F 
244 No.2 300 450 37.6 4.49 339 523 1.5 523 45 0.84 846 3.24 526 507 620 491 601 601 420 441 428 442 S.F 
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245 F-1 191 457 29.4 1.05 387 509 0.52 509 96.5 0.5 224 3.93 100 103 93.7 89.2 91.9 91.9 88.6 89.2 89.2 90.6 F.F 
246 F-2 191 457 29.1 1.04 391 509 0.52 509 96.5 0.5 224 3.9 110 104 94.4 90.6 93.2 93.2 91.2 91.2 91.9 91.9 F.F 
247 F-3 191 457 29.4 0.69 391 509 0.35 509 96.5 0.5 224 3.9 74.3 75 64.6 61.7 63.6 63.6 61.7 62.3 62.3 62.3 F.F 
248 F-4 191 457 29.9 0.7 387 509 0.35 509 40.6 0.42 263 3.93 71.6 75 64 61.7 63.6 63.6 61.7 61.7 61.7 63 F.F 
249 F-5 191 457 30.1 0.7 387 509 0.35 509 53.3 0.32 263 3.93 72.5 72 64 61.7 63.6 63.6 62.3 62.3 62.3 62.3 F.F 
250 F-6 191 457 29.8 0.69 391 509 0.52 509 96.5 0.5 224 3.9 74.3 74 64.7 62.3 63.6 63.6 62.3 63 63 63.6 F.F 
251 F-7 191 457 29.1 0.69 391 509 0.35 509 96.5 0.35 263 3.9 73.8 72 64.5 62.3 64.3 64.3 62.3 62.3 62.3 63 F.F 
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252 A111 250 400 42.8 1.25 358 504 0.3 472 200 0.31 541 3.36 171 156 154 151 157 157 153 153 153 153 F.F 
253 A211 250 400 42.8 2.2 358 460 0.3 472 200 0.31 541 3.36 231 237 229 225 242 242 217 233 215 213 S.F 
254 B211 250 400 74.6 2.2 358 460 0.3 472 200 0.31 479 3.36 248 276 199 240 250 250 240 247 206 241 S.F 
255 B211a 250 400 73.6 2.2 358 460 0.3 472 200 0.31 479 3.36 250 275 201 240 249 249 241 247 204 242 S.F 
256 B311 250 400 72.8 3.32 358 460 0.3 472 200 0.31 479 3.36 376 364 269 270 269 269 259 272 205 282 F.F 
257 B312 250 400 72.8 3.32 358 460 0.3 472 100 0.63 479 3.36 365 392 293 338 363 363 341 353 321 317 S.F 
258 B313 250 400 72.8 3.32 358 460 0.3 472 66.7 0.94 541 3.36 371 350 293 338 363 363 341 353 321 317 S.F 
259 B321 250 400 77 3.32 358 460 0.59 472 200 0.31 479 3.36 383 361 269 273 272 272 259 275 205 286 F.F 
260 B331 250 400 72.8 3.32 358 460 0.9 466 200 0.31 541 3.36 386 373 271 287 285 285 277 289 220 299 F.F 
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261 B411 250 400 77 4.39 358 460 0.3 472 200 0.31 479 3.36 475 451 269 278 272 272 259 281 211 286 S.F 
262 C211 250 400 85.6 2.65 358 461 0.3 472 200 0.31 541 3.36 325 320 219 288 293 293 277 297 220 289 F.F 
263 C311 250 400 88.1 3.1 358 461 0.3 472 200 0.31 541 3.36 365 348 248 298 294 294 277 301 225 314 F.F 
264 C411 250 400 85.6 4 358 474 0.3 472 200 0.31 541 3.36 451 419 304 301 293 293 277 303 229 312 S.F 
265 C511 250 400 88.1 4.84 358 460 0.3 472 200 0.31 541 3.36 440 465 304 306 294 294 277 309 251 314 S.F 
266 D211 250 400 115 2.2 358 460 0.3 472 200 0.31 479 3.36 303 331 162 248 253 253 243 255 200 250 F.F 
267 E211 250 400 126 2.2 358 460 0.3 472 200 0.31 479 3.36 298 320 154 252 253 253 241 258 205 253 F.F 
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268 1 203 254 34.3 1.28 218 337 0.9 357 50.8 0.62 294 4.83 44.5 40 38.5 37 37.9 37.9 36 36 37 37 F.F 
269 2 203 254 34.3 1.69 202 337 0.97 357 50.8 0.62 294 5.21 48.9 41 42.6 40.8 41.7 41.7 40.8 40.8 39.8 40.8 F.F 
270 3 203 305 34.3 1.63 257 337 1.15 357 63.5 0.5 294 4.11 77.4 66 66.8 62.6 64.5 64.5 62.6 62.6 62.6 62.6 F.F 
271 4 203 305 34.3 2.45 228 337 1.3 357 63.5 0.5 294 4.62 87.7 84 75.8 71.2 74 74 70.2 72.1 71.2 71.2 F.F 
272 5 203 254 27.4 1.28 218 363 0.9 363 50.8 0.62 294 3.6 65.9 62 53.9 52.1 53.3 53.3 52.1 52.1 52.1 52.1 F.F 
273 6 203 254 27.4 1.69 203 363 0.97 363 50.8 0.62 294 3.88 67.6 65 59.9 57.2 58.4 58.4 57.2 57.2 57.2 58.4 F.F 
274 7 203 305 27.4 1.63 257 363 1.15 363 63.5 1.1 520 4.11 80.5 96 69.6 65.5 68.3 68.3 66.4 66.4 66.4 67.4 F.F 
275 8 203 305 27.4 2.44 230 363 1.29 363 63.5 0.5 294 4.59 86.7 84 79.6 74.9 77.8 77.8 74.9 75.9 74.9 76.8 F.F 
276 9 254 356 34.1 2.61 307 415 1.98 340 76.2 0.73 372 4.96 186 176 153 148 152 152 148 148 148 149 F.F 
277 10 254 356 34.1 3.56 282 415 2.16 340 76.2 0.73 372 5.4 192 177 171 163 169 169 165 166 166 166 F.F 
278 11 254 356 34.1 2.61 307 415 1.98 340 76.2 0.73 372 3.97 232 210 185 185 190 190 185 185 185 186 F.F 
279 12 254 356 34.1 3.56 282 415 2.16 340 76.2 0.73 372 4.32 235 218 213 204 212 212 206 208 208 208 F.F 
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) 282 DR10 130 230 29.6 0.99 176 460 0.69 460 125 0.35 410 6.39 19.7 11 15.5 15.1 15.1 15.1 14.2 15.1 15.1 15.1 F.F 
283 DR20 130 230 31.1 1.78 174 460 0.69 460 125 0.35 410 6.47 28.6 30 25.9 24 25.8 25.8 24.9 24.9 24.9 24.9 F.F 
284 DR30 130 230 30.9 0.99 176 617 0.69 460 125 0.35 410 6.39 25.2 19 20.3 18.7 19.6 19.6 18.7 19.6 19.6 19.6 F.F 
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285 V36-2 457 914 47.3 0.99 851 483 0.04 538 165 0.08 483 3 488 555 497 572 518 518 580 583 343 533 S.F 
286 V36-3 457 914 47.3 0.99 851 483 0.04 538 371 0.08 538 3 512 570 499 573 532 532 579 582 352 549 S.F 
287 V18-2 229 486 35.9 1.05 425 552 0.15 538 186 0.15 483 3.43 172 170 142 145 152 152 146 148 103 148 F.F 
288 V18-2c 229 486 35.9 1.05 425 552 0.15 538 186 0.15 483 3.43 153 170 142 145 152 152 146 148 110 148 S.F 
V
ec
ch
io
 &
 
S
h
im
 (
2
0
0
4
) 289 A1  305 552 22.6 1.72 457 440 0.22 315 210 0.1 600 3.94 230 191 168 199 217 217 203 201 149 212 S.F 
290 A2  305 552 25.9 2.22 457 437 0.22 315 210 0.1 600 5 220 200 168 204 227 227 200 204 160 213 S.F 
291 A3 305 552 43.5 2.73 457 438 0.22 315 168 0.1 600 7 210 179 215 182 208 208 183 188 176 179 S.F 
292 B1 229 552 22.6 2.29 457 440 0.29 315 190 0.15 600 3.94 217 185 186 182 195 195 182 183 149 189 S.F 
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293 B2 229 552 25.9 2.29 457 438 0.29 315 190 0.15 600 5 183 161 186 165 176 176 161 159 150 166 S.F 
294 B3 229 552 43.5 2.96 457 439 0.29 315 152 0.15 600 7 171 113 185 148 168 168 149 153 152 146 S.F 
295 C1  152 552 22.6 2.02 457 436 0.43 315 210 0.2 600 3.94 141 135 155 124 133 133 121 127 119 127 S.F 
296 C2 152 552 25.9 3.46 457 438 0.43 315 210 0.2 600 5 145 143 168 117 144 144 113 119 122 137 S.F 
297 C3 152 552 43.5 3.46 457 440 0.43 315 168 0.2 600 7 133 87 143 109 128 128 114 117 115 112 S.F 
X
ie
 e
t 
al
 (
1
9
9
4
) 
298 NNW1 127 254 42.4 3.21 203 421 1 421 102 0.5 324 1 239 233 243 82.3 119 149 81.7 82.9 58.3 70.1 S.F 
299 NNW2 127 254 43.4 3.21 203 421 1 421 102 0.5 324 2 123 127 128 75.5 78.3 81.6 82 76 65 70.5 S.F 
300 NNW3 127 254 42.9 3.21 203 421 1 421 102 0.5 324 3 87 75 82.9 72.9 78.1 78.1 81.8 73.4 66.3 70.3 S.F 
301 NHW1 127 254 97.7 4.51 198 421 1.03 421 99.1 0.51 324 1 323 329 441 100 142 168 82.2 101 66 83.8 S.F 
302 NHW2 127 254 99.7 4.51 198 421 1.03 421 99.1 0.51 324 2 178 189 162 90.9 90.2 90.2 82.2 91.7 72 84.2 S.F 
303 NHW3 127 254 103 4.51 198 421 1.03 421 99.1 0.51 324 3 102 115 82.9 88.4 90.9 90.9 82.2 89.1 80.5 85 S.F 
304 NHW3a 127 254 94.7 4.51 198 421 1.03 421 76.2 0.66 324 3 108 111 95.7 99.1 101 101 94.6 99.8 92.3 95.6 S.F 
305 NHW3b 127 254 109 4.51 198 421 1.03 421 63.5 0.79 324 3 123 142 90.6 113 113 113 105 113 102 109 S.F 
306 NHW4 127 254 104 4.51 198 421 1.03 421 99.1 0.51 324 4 93.7 84 82.9 86.9 91 91 82.2 87.5 76.6 85.1 S.F 
Y
o
o
n
 e
t 
al
l 
(1
9
9
6
) 
307 N1-N 375 750 36 2.85 655 400 0.08 400 325 0.08 430 3.28 457 430 342 356 364 364 357 360 257 347 S.F 
308 N2-S 375 750 36 2.85 655 400 0.08 400 465 0.08 430 3.28 363 430 342 355 363 363 356 359 277 347 S.F 
309 N2-N 375 750 36 2.85 655 400 0.08 400 325 0.12 430 3.28 483 489 342 392 396 396 394 396 297 384 S.F 
310 M1-N 375 750 67 2.85 655 400 0.08 400 325 0.08 430 3.28 405 513 511 441 429 429 382 446 325 442 S.F 
311 M2-S 375 750 67 2.85 655 400 0.08 400 325 0.12 430 3.28 552 571 511 477 462 462 418 482 331 479 S.F 
312 M2-N 375 750 67 2.85 655 400 0.08 400 230 0.16 430 3.28 689 630 511 528 508 508 469 533 360 529 S.F 
313 H1-N 375 750 87 2.85 655 400 0.08 400 325 0.08 430 3.28 483 545 539 485 461 461 382 491 330 492 S.F 
314 H2-S 375 750 87 2.85 655 400 0.08 400 270 0.14 430 3.28 598 620 539 546 517 517 443 552 374 553 S.F 
315 H2-N 375 750 87 2.85 655 400 0.08 400 160 0.24 430 3.28 721 739 539 648 608 608 545 654 461 655 S.F 
                       Total Samples = 315                   
                       Shear Failure=S.F = 204                   
                       Flexural Failure= F.F = 111                   
                       % S.F = 64.76                   
                       % F.F = 35.24                   
 
Appendix-B3 
  P ID          NAME b h fc ρt fy s ρw fyw N   av/d  VEXP VANN VCFP  VACI VEC245 VEC2 VJSCE VKBSC VCSA VNZ M.O.F 
      mm mm MPa % MPa mm % MPa kN   kN kN kN kN kN kN kN kN kN kN   
 
338 
Appendix B3: 
The Database of the RC Columns (CWA) is presented in the Appendix B3. 
  ID NAME b h fc ρt fy s ρw fyw N av/d VEXP VANN VCFP VACI VEC245 VEC2 VJSCE VKBSC VCSA VNZ M.O.F 
      mm mm MPa % MPa mm % MPa kN   kN kN kN kN kN kN kN kN kN kN   
A
b
o
u
ta
h
a 
&
 M
ac
h
ad
o
 
(1
9
9
9
) 2 ORC2 305 508 83 3.55 414 75 1.03 414 1543 4.86 378 384 378.9 336.8 334.062 334.1 314.93 318.21 314.93 304 S.F 
3 ORC3 305 508 83 3.55 414 75 1.03 414 2058 4.86 417 395 430.3 360.85 405.139 405.1 373.97 361.95 373.97 365 S.F 
A
b
ra
m
s 
(1
9
8
7
) 
4 C1 230 305 42.3 1.89 423 64 0.96 423 310 6.13 79.38 60 30 23.75 27.5 27.5 24.375 24.38 24.375 24.4 F.F 
A
n
g
 e
t 
al
 (
1
9
8
1
) 
 
5 No.3 400 400 23.6 2.06 427 100 1.13 320 1435 5.46 189 132 223.1 155 181.875 181.9 149.38 155 149.38 173 S.F 
6 No. 4 400 400 25 2.16 427 90 0.87 280 840 5.73 166 172 191.9 155 171.25 171.3 151.88 156.25 151.88 167 S.F 
A
zi
zi
n
am
in
i.
 A
. 
et
 a
l 
(1
9
9
4
) 
7 D600704 305 305 53.7 3.41 473 67 1.27 454 1043 4.18 271.2 234 269 203.41 249.344 249.3 223.1 208.88 223.1 219 F.F 
8 D600703C 305 305 50.8 3.38 473 41 1.69 495 999 4.15 260 221 264.7 203.41 247.157 247.2 222 208.88 222 218 S.F 
9 D6001504 305 305 100.8 3.41 473 67 1.27 454 1770 4.19 296.4 416 374 290.9 325.897 325.9 297.46 295.28 297.46 299 S.F 
10 D6001503C 305 305 100.3 3.38 473 41 1.69 495 1762 4.15 322.6 418 376.2 293.09 326.99 327 300.74 298.56 300.74 301 S.F 
11 D12001503C 305 305 101.6 3.38 473 67 1.05 752 1782 4.15 415.6 455 378.4 295.28 329.178 329.2 301.84 301.84 301.84 303 F.F 
12 D12001503C 305 305 101.7 3.38 473 41 1.69 752 1784 4.15 315 435 378.4 296.37 330.271 330.3 301.84 301.84 301.84 304 S.F 
13 D600403C 305 305 26.3 3.38 473 67 1.05 495 621 4.15 189.2 143 205.6 142.17 184.821 184.8 142.17 170.6 142.17 179 S.F 
14 D600403C 305 305 27 3.09 473 67 1.05 495 1263 3.79 183.7 151 238.4 153.11 192.476 192.5 148.73 157.48 148.73 178 S.F 
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15 D6001503C 305 305 103.8 3.39 473 41 1.69 495 2725 4.16 332.5 451 470.3 313.87 365.267 365.3 321.52 321.52 321.52 326 S.F 
B
o
u
si
as
 e
t 
al
 (
2
0
0
4
) 
16 US-0 250 500 18.3 0.87 560 200 0.2 286 869 3.42 191 165 100.6 66.88 110.625 110.6 70.625 75 70.625 93.1 F.F 
17 CS-0 250 500 18.3 0.87 560 200 0.2 286 869 3.42 182 165 100.6 134.38 110.625 110.6 70.625 75 70.625 93.1 F.F 
18 UW-0 500 250 17.9 1.03 560 200 0.1 286 850 8.1 71 80 48.13 46.88 40.625 40.63 31.25 32.5 31.25 36.9 F.F 
19 CW-0 500 250 18.6 1.03 560 200 0.1 286 814 8.1 73 81 47.5 49.38 40.625 40.63 31.25 32.5 31.25 36.9 F.F 
20 R-0 250 500 31 0.89 514 200 0.2 425 1008 3.52 195 155 126.9 163.75 116.875 116.9 106.88 108.75 106.88 106 F.F 
21 R-0L1 250 500 27.4 0.87 514 200 0.2 425 788 3.4 148 143 102.5 155 95 95 91.875 76.25 91.875 81.3 F.F 
22 R-0L3 250 500 27.4 0.88 514 200 0.2 425 959 3.44 171 157 118.8 161.25 131.875 131.9 96.25 100.63 96.25 92.5 F.F 
23 R-0L4 250 500 27.4 0.87 514 200 0.2 425 959 3.4 207 162 120 163.13 108.125 108.1 96.25 100 96.25 92.5 F.F 
24 Q-0 250 250 27 1.17 313 200 0.2 425 743 7.62 43 48 40 26.25 35 35 20.625 22.5 20.625 26.9 F.F 
25 Q-0L1 250 250 30.3 1.12 313 200 0.2 425 776 7.27 45 37 43.13 31.25 37.5 37.5 23.125 24.38 23.125 28.1 F.F 
26 Q-0L2 250 250 30.3 1.12 313 200 0.2 425 795 7.27 46 38 43.13 30 38.125 38.13 23.125 24.38 23.125 28.1 F.F 
27 Q-0L2a 250 250 28.1 1.12 313 200 0.2 425 1001 7.27 49 77 46.25 16.88 36.25 36.25 13.125 16.88 13.125 23.8 F.F 
G
il
l 
(1
9
7
9
) 
35 No.1 550 550 23.1 2.58 375 80 0.61 297 1817 3.14 677 452 718.3 434.91 449.032 602.5 530 429.84 530 587 S.F 
36 No.2 550 550 41.4 2.36 375 75 0.94 316 2680 2.87 787 804 896.7 661.31 676.102 778.2 710.83 661.31 710.83 714 S.F 
37 No.3 550 550 21.4 2.58 375 75 0.76 297 2719 3.14 656 380 755 515.83 543.185 620 501.67 522.5 501.67 596 S.F 
38 No.4 550 550 23.5 2.24 375 62 1.33 294 4265 2.72 697 697 860.8 432.5 620.833 620.8 407.5 443.33 407.5 569 S.F 
Ju
li
o
 &
 B
ra
n
co
 
43 M1 200 200 34.89 1.31 520 150 0.19 520 170 5.56 33 41 16 33 15 15 14 14 14 14 F.F 
K
o
ts
o
v
o
s 
G
.M
. 
(2
0
1
1
) 
46 CFP0400 150 300 60 1.47 540 75 0.5 300 400 3.48 101.7 142 55.38 88.21 52.3077 52.31 47.179 45.13 47.179 47.2 F.F 
47 EC0400 150 300 60 1.47 540 50 0.75 300 400 3.48 100.7 150 55.38 88.21 52.3077 52.31 47.179 45.13 47.179 47.2 F.F 
48 CFP0500 150 300 60 1.47 540 80 0.47 300 500 3.48 112.2 150 66.67 94.36 61.5385 61.54 55.385 58.46 55.385 45.1 F.F 
49 CFP675 150 300 60 1.47 540 85 0.44 300 675 3.48 132.4 160 84.1 56.41 73.8462 73.85 69.744 61.54 69.744 67.7 F.F 
K
o
ts
o
v
o
s 
G
. 
M
. 
et
 a
l 
(2
0
1
3
) 
52 B CFP N 200 200 34 3.35 550 90 0.47 300 280 4.86 82.25 76 26.29 18.29 24 24 20.571 20.57 20.571 21.7 F.F 
Appendix-B3 
  P ID          NAME b h fc ρt fy s ρw fyw N   av/d  VEXP VANN VCFP  VACI VEC245 VEC2 VJSCE VKBSC VCSA VNZ M.O.F 
      mm mm MPa % MPa mm % MPa kN   kN kN kN kN kN kN kN kN kN kN   
 
340 
53 B EC N 200 200 34 3.35 550 30 1.41 300 280 4.86 85.15 72 26.29 18.29 24 24 20.571 20.57 20.571 21.7 F.F 
M
o
. 
Y
.L
. 
an
d
 W
an
g
. 
S
.J
 (
2
0
0
0
) 
54 C1-1 400 400 24.94 3.1 497 50 0.63 460 450 5.09 250 238 258.6 207.86 227.143 227.1 210 212.86 210 224 S.F 
55 C1-2 400 400 26.67 3.04 497 50 0.63 460 675 5 264.5 260 272.1 219.29 241.429 241.4 221.43 225 221.43 235 S.F 
56 C1-3 400 400 26.13 2.96 497 50 0.63 460 900 4.86 305.3 254 281.4 221.43 250.714 250.7 228.57 232.86 228.57 243 F.F 
57 C2-1 400 400 25.33 3.1 497 52 0.61 460 450 5.09 243.2 236 256.4 208.57 227.857 227.9 210.71 213.57 210.71 224 S.F 
58 C2-2 400 400 27.12 3.05 497 52 0.61 460 675 5.02 273 261 273.6 220.71 242.857 242.9 222.86 226.43 222.86 236 S.F 
59 C2-3 400 400 26.77 2.97 497 52 0.61 460 900 4.88 304 259 284.3 225.71 252.857 252.9 230.71 235 230.71 244 F.F 
60 C3-1 400 400 26.38 3.1 497 54 0.59 460 450 5.09 243.5 236 257.1 210.71 230 230 212.86 216.43 212.86 226 S.F 
61 C3-2 400 400 27.48 3.06 497 54 0.59 460 675 5.04 271 263 273.6 221.43 243.571 243.6 223.57 227.14 223.57 236 S.F 
62 C3-3 400 400 26.9 2.98 497 54 0.59 460 900 4.9 301 260 284.3 226.43 253.571 253.6 230.71 235 230.71 244 F.F 
P
ar
k
, 
T
an
ak
a 
&
 
L
i 71 Unit 1 350 350 98 4.16 446 62 1.05 1317 3602 6.43 316.3 312 410.6 263.75 320 320 276.88 270.63 276.88 275 S.F 
72 Unit 2 350 350 98 4.16 446 64 1.72 453 3602 6.43 328.8 370 410.6 263.75 320 320 276.88 270.63 276.88 275 S.F 
P
au
lt
re
 &
 L
eg
er
o
n
 (
2
0
0
0
) 
73 C100B60N15 305 305 92.4 2.85 469 60 1.86 391 1203 8.7 119 96 134.5 114 126 126 117 116 117 117 S.F 
74 C100B60N25 305 305 93.3 2.86 456 60 1.86 404 2430 8.73 155 133 191 131 160 160 136.5 132.5 136.5 134 S.F 
75 C100B60N40 305 305 98.2 2.78 457 60 1.86 418 3563 8.47 179 177 232.5 116 160 160 121.5 117 121.5 121 S.F 
76 C100B130N15 305 305 94.8 2.84 489 130 0.86 391 1235 8.66 108 87 138.5 116.5 129 129 120 119.5 120 120 S.F 
77 C100B130N25 305 305 97.7 2.86 456 130 0.86 404 2363 8.73 161 166 190 135.5 159.5 159.5 138.5 136.5 138.5 138 S.F 
78 C100B130N40 305 305 104.3 2.78 457 130 0.86 418 3784 8.47 177 391 243 121 161 161 121.5 122.5 121.5 126 S.F 
P
au
lt
re
 e
t 
al
 (
2
0
0
1
) 
79 C80B60N40 305 305 78.7 2.77 467 40 2.8 438 2928 8.44 168 148 201 100 154 154 116 101 116 105 S.F 
80 C120B60N40 305 305 109.2 2.73 467 40 2.8 438 4165 8.33 198 200 258.5 121 160.5 160.5 115.5 121.5 115.5 126 S.F 
81 C100BH55N40 305 305 109.5 2.84 467 40 2.8 825 3565 8.66 194 189 242.5 137 165 165 133.5 138.5 133.5 142 S.F 
82 C100BH80N40 305 305 104.2 2.8 467 40 2.8 825 3586 8.55 194 198 239.5 128 164 164 128 129 128 133 S.F 
83 C100BH55N52 305 305 104.5 2.54 481 52 2.15 744 5152 7.75 197 353 271 68 141.5 141.5 66.5 69 66.5 74.5 S.F 
84 C100B60N52 305 305 109.4 2.57 481 52 2.15 492 5190 7.84 209 236 278 80 143 143 72 80 72 85.5 S.F 
S
aa
tc
io
g
lu
 &
 
O
zc
eb
e 
 
(1
9
8
9
) 86 U2 350 350 30.2 4.44 453 150 0.3 470 600 3.95 272 285 313 266 227.838 227.8 274 215.46 274 284 S.F 
87 U3 350 350 34.8 4.44 430 75 0.6 470 600 3.95 268 284 308 266 299 299 277 276 277 284 S.F 
88 U4 350 350 32 4.44 438 50 0.9 470 600 3.95 312 250 308 265 296 296 273 275 273 283 F.F 
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89 U6 350 350 37.3 4.44 437 65 0.42 425 600 3.95 325 315 313 271 257.13 257.1 283 254.01 283 288 F.F 
90 U7 350 350 39 4.44 437 65 0.42 425 600 3.95 341 326 315 274 258.237 258.2 287 254.58 287 290 F.F 
92 D2 350 350 30.2 4.44 453 150 0.3 470 600 3.95 272 285 313 266 227.838 227.8 274 215.46 274 284 S.F 
93 D3 350 350 34.8 4.44 430 75 0.6 470 600 3.95 254 284 308 266 299 299 277 276 277 284 S.F 
94 D4 350 350 43.6 4.44 430 50 0.9 470 600 3.95 291 295 315 277 307 307 290 287 290 290 S.F 
S
aa
tc
io
g
lu
. 
M
. 
an
d
 G
ri
ra
. 
M
. 
(1
9
9
9
) 
95 BG1 350 350 34 2.67 400 152 0.4 570 1782 6.4 193 187 193.9 122.19 163.526 163.5 124.01 124.01 124.01 139 S.F 
96 BG2 350 350 34 2.67 400 76 0.8 570 1782 6.4 189 191 193.9 122.19 163.526 163.5 124.01 124.01 124.01 139 S.F 
97 BG3 350 350 34 2.73 400 76 0.8 570 831 6.55 158 123 146.5 122.8 140.426 140.4 124.62 124.62 124.62 131 F.F 
98 BG4 350 350 34 3.77 400 152 0.54 570 1923 6.03 205 203 224.9 139.82 187.234 187.2 142.25 143.47 142.25 159 S.F 
99 BG5 350 350 34 3.77 400 76 1.07 570 1923 6.03 221 166 224.9 139.82 187.234 187.2 142.25 143.47 142.25 159 S.F 
100 BG6 350 350 34 2.65 400 76 1.07 570 1900 5.45 215 208 135 78.42 138.602 138.6 78.419 79.03 78.419 91.8 F.F 
101 BG7 350 350 34 3.77 400 76 0.52 580 1923 6.03 212 205 225.5 141.03 187.842 187.8 143.47 144.68 143.47 160 S.F 
102 BG8 350 350 34 4.23 400 76 0.52 580 961 6.77 198 188 197.6 156.23 173.252 173.3 154.41 154.41 154.41 161 F.F 
103 BG9 350 350 34 4.25 400 76 0.52 580 1923 6.12 218 200 230.4 144.07 191.489 191.5 147.72 147.72 147.72 164 S.F 
104 BG10 350 350 34 4.26 400 76 1.07 570 1923 6.14 224 176 229.2 142.86 190.274 190.3 146.5 147.11 146.5 162 S.F 
S
ez
en
. 
H
. 
an
d
 
M
o
eh
le
. 
J.
P
. 
(2
0
0
6
) 
105 Specimen1 457 457 21.1 3.62 438 305 0.17 476 667 4.72 315 266 311.6 244.34 239.789 239.8 252.55 240.11 252.55 275 F.F 
106 Specimen4 457 457 21.8 3.62 438 305 0.17 476 667 4.72 294 271 313.6 245.41 239.878 239.9 255.26 241.08 255.26 276 S.F 
S
im
 &
 Y
an
g
 
(2
0
0
1
) 
107 C0.4-0 230 230 26.4 3.71 423 230 0.19 518 558 6.74 60 62 75.4 57.14 65.873 65.87 56.349 57.94 56.349 61.9 S.F 
S
o
es
ia
n
aw
at
t 
(1
9
8
6
) 
108 Unit 1 400 400 46.5 2.11 446 85 0.39 364 744 5.59 193 187 214.4 186.6 180.746 180.7 198.13 181.88 198.13 196 S.F 
109 Unit 2 400 400 44 2.02 446 78 0.55 360 2112 5.37 265 288 313.8 218.13 275 275 231.25 219.38 231.25 229 S.F 
110 Unit 3 400 400 44 2.02 446 91 0.36 364 2112 5.37 272 295 314.4 218.75 275.625 275.6 231.88 219.38 231.88 230 S.F 
111 Unit 4 400 400 40 2.01 446 94 0.26 255 1920 5.33 251 276 296.3 160.39 211.279 211.3 218.75 158.37 212.66 223 S.F 
S
u
g
an
o
 
(1
9
9
6
) 
112 UC15L 225 225 118 2.46 393 35 1.64 1424 2089 2.65 365 352 440 240 280 280 220 242.22 220 249 S.F 
113 UC20L 225 225 118 2.46 393 35 1.64 1424 2089 2.65 363 353 440 240 280 280 220 242.22 220 249 S.F 
T
an
ak
a 
(1
9
9
0
) 
114 Unit 1 400 400 25.6 2.23 474 80 1.06 279 819 5.69 167 141 184.4 150 168.75 168.8 150.63 153.75 150.63 163 S.F 
115 Unit 2 400 400 25.6 2.23 474 80 1.06 284 819 5.69 164 141 184.4 150 168.75 168.8 150.63 153.75 150.63 163 S.F 
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116 Unit 3 400 400 25.6 2.23 474 80 1.06 290 819 5.69 172 141 184.4 150 168.75 168.8 150.63 153.75 150.63 163 S.F 
117 Unit 4 400 400 25.6 2.23 474 80 1.06 285 819 5.69 169 141 184.4 150 168.75 168.8 150.63 153.75 150.63 163 S.F 
118 Unit 5 550 550 32 1.8 511 110 0.56 673 968 4.34 385 385 426.7 365.45 403.03 403 370.3 372.73 370.3 388 S.F 
119 Unit 6 550 550 32 1.8 511 110 0.56 679 968 4.34 400 386 426.7 365.45 403.03 403 370.3 372.73 370.3 388 S.F 
120 Unit 7 550 550 32.1 1.71 511 90 0.68 1043 2913 4.11 602 580 602.4 439.39 526.061 526.1 446.06 450.91 446.06 479 S.F 
121 Unit 8 550 550 32.1 1.71 511 90 0.68 1045 2913 4.11 616 580 602.4 439.39 526.061 526.1 446.06 450.91 446.06 479 F.F 
T
h
o
m
se
n
 &
 W
al
la
ce
 (
1
9
9
4
) 123 A3 152 152 86.3 3.37 517 25 0.61 793 401 5.37 66 68 70.71 53.87 62.2896 62.29 55.556 53.87 55.556 55.6 S.F 
125 B2 152 152 83.4 3.37 455 25 0.7 793 194 5.37 54 58 48.82 42.09 45.4545 45.45 43.771 43.77 43.771 43.8 F.F 
126 B3 152 152 90 3.37 455 25 0.7 793 418 5.37 64 70 69.02 53.87 60.6061 60.61 55.556 53.87 55.556 53.9 S.F 
128 C2 152 152 74.6 3.37 475 25 0.7 1276 173 5.37 49 44 47.14 42.09 45.4545 45.45 42.088 42.09 42.088 42.1 F.F 
129 C3 152 152 81.8 3.37 475 25 0.7 1276 380 5.37 57 53 65.66 50.51 58.9226 58.92 53.872 52.19 53.872 52.2 S.F 
130 D1 152 152 75.8 3.37 475 32 0.56 1276 352 5.37 57 56 62.29 48.82 57.2391 57.24 52.189 48.82 52.189 50.5 S.F 
131 D2 152 152 87 3.37 475 38 0.47 1276 404 5.37 61 67 67.34 52.19 60.6061 60.61 55.556 53.87 55.556 53.9 S.F 
W
at
so
n
 &
 P
ar
k
  
(1
9
9
4
) 132 1 400 400 47 2.11 446 85 0.39 364 752 5.59 209.4 192 212.5 188.75 181.332 181.3 181.88 182.32 181.88 197 S.F 
133 2 400 400 44 2.02 446 78 0.55 360 2112 5.37 303.8 288 313.8 218.13 275 275 231.25 219.38 231.25 229 S.F 
134 3 400 400 44 2.02 446 91 0.36 364 2112 5.35 299.4 297 314.4 218.75 275.625 275.6 231.88 219.38 231.88 230 S.F 
135 4 400 400 40 2.01 446 94 0.26 255 1920 5.33 280 277 296.3 160.64 211.52 211.5 218.75 158.62 213.14 223 S.F 
136 5 400 400 41 1.81 474 81 0.53 372 3280 4.8 328.8 312 355.6 171.88 283.125 283.1 192.5 175.63 192.5 196 S.F 
137 6 400 400 40 1.8 474 96 0.25 388 3200 4.78 328.8 336 350.6 173.13 266.082 266.1 190.63 176.25 190.63 198 S.F 
W
ig
h
t 
&
 S
o
ze
n
 (
1
9
7
3
) 
138 40.033A((EAST) 152 305 34.68 2.94 496 127 0.33 344 189 3.45 94.75 90 33.11 23.97 29.6804 29.68 25.114 25.11 25.114 26.3 F.F 
139 40.033A(WEST) 152 305 34.68 2.94 496 127 0.33 344 189 3.45 95.64 90 33.11 23.97 29.6804 29.68 25.114 25.11 25.114 26.3 F.F 
140 40033(EAST) 152 305 33.58 2.94 496 127 0.33 344 118 3.45 88.82 82 25.11 17.12 21.6895 21.69 18.265 18.26 18.265 19.4 F.F 
141 40033(WEST) 152 305 33.58 2.94 496 127 0.33 344 118 3.45 97.42 82 25.11 17.12 21.6895 21.69 18.265 18.26 18.265 19.4 F.F 
142 25033(EAST) 152 305 33.65 2.94 496 127 0.33 344 111 3.45 81.85 82 22.83 17.12 20.5479 20.55 17.123 17.12 17.123 18.3 F.F 
143 25033(WEST) 152 305 33.65 2.94 496 127 0.33 344 111 3.45 87.63 82 22.83 17.12 20.5479 20.55 17.123 17.12 17.123 18.3 F.F 
146 40048(EAST) 152 305 26.06 2.94 496 89 0.47 344 118 3.45 95.19 67 21.69 15.98 19.4064 19.41 15.982 15.98 15.982 17.1 F.F 
147 40048(WEST) 152 305 26.06 2.94 496 89 0.47 344 118 3.45 94.75 67 21.69 15.98 19.4064 19.41 15.982 15.98 15.982 17.1 F.F 
150 40067(EAST) 152 305 33.37 2.94 496 64 0.66 344 118 3.45 89.85 85 25.11 17.12 21.6895 21.69 17.123 18.26 17.123 19.4 F.F 
151 40067(WEST) 152 305 33.37 2.94 496 64 0.66 344 118 3.45 89.85 85 25.11 17.12 21.6895 21.69 17.123 18.26 17.123 19.4 F.F 
154 40092(EAST) 152 305 35.51 2.94 496 102 0.92 317 118 3.45 104.1 93 26.26 18.26 21.6895 21.69 18.265 18.26 18.265 19.4 F.F 
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155 40092(WEST) 152 305 35.51 2.94 496 102 0.92 317 118 3.45 103.6 93 26.26 18.26 21.6895 21.69 18.265 18.26 18.265 19.4 F.F 
158 40147(EAST) 152 305 33.51 2.94 496 64 1.47 317 118 3.45 105.9 88 25.11 17.12 21.6895 21.69 17.123 18.26 17.123 19.4 F.F 
159 40147(WEST) 152 305 33.51 2.94 496 64 1.47 317 118 3.45 104.1 88 25.11 17.12 21.6895 21.69 17.123 18.26 17.123 19.4 F.F 
X
ia
o
 &
 Y
u
n
 (
2
0
0
2
) 162 FHC1-0.2 510 510 64.1 3.43 473 100 1.18 445 3334 4.72 710 696 712 551.74 661.417 661.4 596.74 564.12 596.74 585 S.F 
163 FHC2-0.34 510 510 62.1 3.43 473 100 1.18 445 5373 4.72 812 744 863.9 523.06 757.03 757 632.73 542.74 632.73 602 S.F 
164 FHC3-0.22 510 510 62.1 3.43 473 125 0.94 524 3630 4.72 732 707 733.4 552.87 674.353 674.4 601.8 566.93 601.8 591 S.F 
165 FHC4-0.33 510 510 62.1 3.43 473 125 0.94 525 5240 4.72 806 760 854.9 527 752.531 752.5 633.3 548.37 633.3 607 S.F 
166 FHC5-0.2 510 510 64.1 3.43 473 150 0.78 445 3334 4.72 710 742 712 551.74 661.417 661.4 596.74 564.12 596.74 585 S.F 
167 FHC6-0.2 510 510 64.1 3.43 473 150 0.78 524 3334 4.72 714 738 712 551.74 661.417 661.4 596.74 564.12 596.74 585 F.F 
Z
ah
n
 e
t 
al
 (
1
9
8
7
) 
168 Unit 9 400 400 28.3 2.12 440 117 0.67 466 1041 5.61 205 222 223.8 176.25 193.75 193.8 173.13 176.25 173.13 186 S.F 
169 Unit 10 400 400 40.1 1.91 440 92 0.85 466 2502 5.06 264 265 319.4 198.75 271.875 271.9 214.38 202.5 214.38 219 S.F 
                                                
                        
                Total Samples = 130               
                Shear Failure=S.F = 80               
                Flexural Failure= F.F = 50               
                % S.F = 61.54               
        % F.F = 38.46        
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Appendix C1: 
The Database of the RC TBWOS is presented in the Appendix C1. 
  No Name fc bw hf bf d ρb fby ρt fty av/d VEXP VANN VCFP VACI VEC2 M.O.F 
      MPa mm mm mm mm % MPa % MPa - kN kN kN kN kN   
B
o
u
ss
el
h
am
&
C
h
a
al
la
l 
(2
0
0
6
) 
1 SB-S0-0L 25 152 102 508 350 3.76 650 1.13 650 3 81.3 81 70.8 45.2 51 
F.F 
F
er
g
u
so
n
 &
  
T
h
o
m
p
so
n
 (
1
9
5
3
) 
2 A1 29.7 102 38 432 210 4.78 276 - - 3.4 29.1 26 29.7 19.7 26.4 S.F 
3 A2 27.3 102 38 432 210 4.78 276 - - 3.4 27 22 27.4 18.9 25.6 S.F 
4 A3 35.1 102 38 432 210 4.78 276 - - 3.4 33.6 32 34.4 21.4 27.9 S.F 
5 A4 34.9 102 38 432 210 4.78 276 - - 3.4 31.6 31 34.2 21.4 27.8 S.F 
6 A5 45.4 102 38 432 210 4.78 276 - - 3.4 33.9 32 42.7 24.4 30.4 S.F 
7 A6 38.7 102 38 432 210 4.78 276 - - 3.4 35.6 33 37.4 22.5 28.8 S.F 
8 D1 31.3 178 38 432 210 2.73 276 - - 3.4 48.7 53 50.8 35.4 38.9 S.F 
9 D2 29.6 178 38 432 210 2.73 276 - - 3.4 52.1 52 48.3 34.5 38.2 F.F 
10 N1 20.7 108 38 483 178 2.97 276 - - 4 23.8 30 23.4 14.9 18.2 F.F 
11 N2 20.6 108 38 483 178 2.97 276 - - 4 23.9 30 23.3 14.8 18.2 F.F 
12 N3 17.5 108 38 483 178 2.97 276 - - 4 21.5 28 19.8 13.7 17.2 F.F 
K
o
ts
o
v
o
s 
et
 a
l 
(1
9
8
7
) 
13 I 40.4 50 50 200 240 5.23 540 - - 10.4 19 24 32.8 13 16.4 S.F 
14 II 40.4 50 50 200 240 5.23 540 - - 10.4 22 24 32.8 13 16.4 S.F 
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15 III 40.4 50 50 200 240 5.23 540 - - 3.3 37 24 32.8 13 16.4 F.F 
P
an
d
a 
et
 a
l 
(2
0
1
1
) 
16 S0-0L 46.2 100 60 250 225 2.79 500 0.89 503 3.3 50 48 41 26 26.5 
F.F 
P
la
ca
s&
 
R
eg
an
 
(1
9
7
1
) 
17 T2 28.1 152 76 610 254 1.46 621 - - 3.4 54.7 
54 
53.9 34.9 30.2 
F.F 
18 T18 28.4 152 76 610 254 4.16 621 - - 3.6 74.7 74 54.5 35.1 43 F.F 
S
ah
o
o
 
et
 a
l 
(2
0
1
5
) 
19 TB0.00_2.5 23.2 150 50 300 217 1.85 500 0.96 500 2.5 43.5 41 46.3 26.7 26.8 S.F 
20 TB0.00_3.0 23.2 150 50 300 217 1.85 500 0.96 500 3 40 41 44.1 26.7 26.8 S.F 
T
h
am
ri
n
 e
t 
al
 (
2
0
1
6
) 21 T-01E 32 125 70 250 219 0.97 550 - - 3.7 36.6 35 41.1 26.3 20.2 
S.F 
22 T-02E 32 125 70 250 219 1.45 550 - - 3.7 38.5 37 44 26.3 23.1 S.F 
23 T-03E 32 125 70 250 212 2.5 550 - - 3.8 47.5 46 42.6 25.5 27 F.F 
24 R-01E 32 125 0 0 219 0.97 550 - - 3.7 32.6 30 34.3 26.3 20.2 S.F 
25 R-02E 32 125 0 0 219 1.45 550 - - 3.7 37 36 34.3 26.3 23.1 F.F 
26 R-03E 32 125 0 0 212 2.5 550 - - 3.8 37.6 36 33.3 25.5 27 F.F 
W
eh
r 
K
. 
E
. 
(1
9
6
7
) 
27 SS-I 27.7 152 76 914 279 1.33 1118 - - 3.88 44.5 
43 
58.6 38.1 31.4 
S.F 
28 SS-II 31.4 152 76 762 279 1.33 1118 - - 3.88 50.9 43 65.7 40.6 32.8 S.F 
29 SS-III 29.6 152 76 610 279 1.33 1118 - - 3.88 44.5 43 62.2 39.4 32.1 S.F 
30 SS-IV 24 152 0 152 279 1.33 1118 - - 3.88 48.7 47 51.1 35.5 30 S.F 
              Total Samples = 30               
              Shear Failure=S.F = 18               
              Flexural Failure= F.F = 12               
              % S.F = 60.00               
              % F.F = 40.00               
 
Appendix-C2 
 
No NAME fc bw hf bf d ρb fby ρt fty ρwfyw av/d VEXP VANN VCFP VACI VEC2 M.O.F 
      MPa mm mm mm mm % MPa % MPa   - kN kN kN kN kN   
 
346 
Appendix C2: 
The Database of the RC TBWS is presented in the Appendix C2. 
 
No NAME fc bw hf bf d ρb fby ρt fty ρwfyw av/d VEXP VANN VCFP VACI VEC2 M.O.F 
      MPa mm mm mm mm % MPa % MPa   - kN kN kN kN kN   
B
o
u
ss
el
h
am
&
C
h
aa
ll
al
 (
2
0
0
6
) 
1 SB-S1_0L 25 152 102 508 350 3.76 470 1.13 470 2,456 3 263 262 217.9 175.9 254.7 S.F 
2 SB-S2-0L 25 152 102 508 350 3.76 470 1.13 470 4,912 3 295.2 294 217.9 298.5 319.5 S.F 
K
o
u
ta
s&
 
T
ri
an
ta
fi
ll
o
u
 
3 plain   140 80 300 263 2.76 546 2.76 523 3,938 2.3 74 73 71.3 174.7 194.8 S.F 
L
eo
n
h
ar
d
t&
 W
al
th
er
 (
1
9
6
2
) 
(1
9
6
3
) 4 ET1 22.6 300 0 300 300 1.39 430 - - 0.57 3.5 144.5 147 102.6 124 115.4 S.F 
5 ET2 23 150 75 300 300 2.78 430 - - 1,160 3.5 134.5 134 104.4 88.9 117.5 S.F 
6 ET3 23 100 75 300 300 4.17 430 - - 1,730 3.5 130 161 103.8 76.4 116.8 S.F 
7 ET4 23 50 75 300 300 8.34 430 - - 3,460 3.5 101 101 103.8 64.1 77.4 S.F 
8 TA3 15.4 160 80 960 375 4.4 430 - - 2,510 3.33 283 287 301.2 190.6 217.4 S.F 
9 TA4 15.4 160 80 960 375 4.4 430 - - 1,530 3.33 239.5 352 183.6 131.8 182.1 S.F 
10 TA15 17.4 160 80 960 375 4.4 430 - - 2,510 3.33 303.5 301 301.2 193.1 234.9 S.F 
11 TA11 24.9 160 80 960 375 4.4 430 - - 2,510 3.33 347.5 345 301.2 201.5 289.1 S.F 
12 TA12 24.9 160 80 960 375 4.4 430 - - 1,530 3.33 375.5 373 183.6 142.7 206.6 S.F 
13 TA16 17.4 160 80 960 375 4.4 430 - - 2,510 3.33 304.5 301 301.2 193.1 234.9 S.F 
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P
la
ca
s&
 R
eg
an
 (
1
9
7
1
) 
14 T1 27.9 152.4 76.2 609.6 254 1.25 620.5 - - 0.576 3.36 109.9 
88 
44.6 57 50.1 S.F 
15 T3 27.5 152.4 76.2 609.6 254 1.46 620.5 - - 0.576 3.36 104.5 101 44.6 56.8 50.1 S.F 
16 T4 32.5 152.4 76.2 609.6 254 1.95 620.5 - - 0.576 3.36 109.4 119 49.2 59.8 50.1 S.F 
17 T5 33.7 152.4 76.2 609.6 254 1.46 620.5 - - 1,151 3.36 139.7 109 89.1 82.8 100.3 S.F 
18 T6 25.8 152.4 76.2 609.6 254 4.16 620.5 - - 2,248 3.6 204.6 208 174 120.4 181.9 S.F 
19 T7 27.4 152.4 76.2 609.6 254 3 620.5 - - 0.576 3.46 109.4 109 44.6 56.7 50.1 S.F 
20 T8 31.2 152.4 76.2 609.6 254 4.16 620.5 - - 0.576 3.6 124.6 118 47.5 59 50.1 S.F 
21 T9 20.2 152.4 76.2 609.6 254 4.16 620.5 - - 1,151 3.6 154.4 163 89.1 74.1 100.3 S.F 
22 T10 28.2 152.4 76.2 609.6 254 1.46 620.5 - - 0.384 3.36 86.7 95 43.3 49.8 33.4 S.F 
23 T11 37 152.4 76.2 609.6 254 4.16 620.5 - - 1,151 3.6 160.1 149 89.1 84.6 100.3 S.F 
24 T12 30.7 152.4 76.2 609.6 254 4.16 620.5 - - 0.576 3.6 144.6 119 46.8 58.7 50.1 S.F 
25 T13 33.4 152.4 76.2 609.6 254 1.46 620.5 - - 0.576 3.36 89.9 99 50.4 60.3 50.1 S.F 
26 T14 33.4 152.4 76.2 609.6 254 4.16 620.5 - - 2,248 3.6 219.3 223 174 125 195.8 S.F 
27 T15 33.2 152.4 76.2 609.6 254 4.16 620.5 - - 0.576 7.2 104.5 113 50.2 60.2 50.1 S.F 
28 T16 32.7 152.4 76.2 609.6 254 4.16 620.5 - - 0.384 7.2 92.5 104 49.5 52.5 33.4 S.F 
29 T17 33 152.4 76.2 609.6 254 4.16 620.5 - - 1,151 7.2 133.9 146 89.1 82.4 100.3 S.F 
30 T19 29.9 152.4 76.2 609.6 254 4.16 620.5 - - 0.576 5.4 113.4 121 45.7 58.3 50.1 S.F 
31 T20 32.1 152.4 76.2 609.6 254 4.16 620.5 - - 1,151 5.4 153.9 146 89.1 81.9 100.3 S.F 
32 T22 34.3 152.4 76.2 609.6 254 1.46 620.5 - - 0.576 3.36 109.4 99 51.6 60.8 50.1 S.F 
33 T25 54.1 152.4 76.2 609.6 254 1.46 620.5 - - 0.576 3.36 114.8 101 75.1 70.7 50.1 S.F 
34 T26 57 152.4 76.2 609.6 254 4.16 620.5 - - 1,151 3.6 179.3 178 89.1 94.3 100.3 S.F 
35 T27 12 152.4 76.2 609.6 254 4.16 620.5 - - 1,151 3.6 132.1 130 89.1 67.4 91.1 S.F 
36 T31 31 152.4 76.2 609.6 254 1.46 620.5 - - 0.576 3.36 94.7 100 47.2 58.9 50.1 S.F 
37 T32 27.6 152.4 76.2 609.6 254 4.16 620.5 - - 2,248 3.6 216.2 211 174 121.6 188.4 S.F 
38 T33 36.8 152.4 76.2 609.6 254 1.46 620.5 - - 1,151 4.5 109.4 110 89.1 84.5 100.3 F.F 
39 T34 33.9 152.4 76.2 609.6 254 4.16 620.5 - - 0.576 5.4 112.1 112 51.1 60.6 50.1 S.F 
40 T35 33.6 152.4 76.2 609.6 254 4.16 620.5 - - 0.576 5.4 114.8 113 50.7 60.4 50.1 S.F 
41 T36 24.1 152.4 76.2 609.6 254 4.16 620.5 - - 1,151 3.6 179.3 156 89.1 76.9 100.3 S.F 
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42 T37 31.8 152.4 76.2 609.6 254 4.16 620.5 - - 2,248 3.6 209.5 220 174 124.1 195.8 S.F 
43 T38 30.2 152.4 76.2 609.6 254 4.16 620.5 - - 2,248 3.6 239.3 216 174 123.2 195.8 S.F 
S
o
re
n
se
n
 (
1
9
7
4
) 
44 T21 32.5 110 80 400 298 3.83 420 - - 1,301 3.5 129 
133 
85.3 74.4 96 S.F 
45 T22 31.1 110 80 400 298 3.83 420 - - 1,307 3.5 127 132 85.7 73.9 96.4 S.F 
46 T23 34.2 110 80 400 298 3.83 420 - - 1,187 3.5 139 135 77.8 71.5 87.5 S.F 
47 T1a 22.9 110 80 400 298 3.83 457 0.61 262 1,523 3.5 132 132 99.9 76.6 112.3 S.F 
48 T2a 24.6 110 80 400 298 3.83 457 0.61 262 1,592 3.5 136 136 104.4 79.8 119.6 S.F 
49 T3a 24.6 110 80 400 298 3.83 457 0.61 262 1,269 3.5 127 127 83.2 69.2 93.6 S.F 
50 T4a 25.2 110 80 400 298 3.83 457 0.61 262 1,327 3.5 132 132 87 71.5 99.6 S.F 
51 T1b 23.1 110 80 400 298 3.83 457 0.61 262 1,139 3.5 118 118 74.7 64.1 84 S.F 
52 T2b 24.9 110 80 400 298 3.83 457 0.61 262 1,191 3.5 129 129 78.1 66.8 89.4 S.F 
53 T3b 24.6 110 80 400 298 3.83 457 0.61 262 0.762 3.5 116 116 49.9 52.6 56.2 S.F 
54 T4b 24.7 110 80 400 298 3.83 457 0.61 262 0.796 3.5 107 107 52.2 53.8 59.8 S.F 
55 T5 25.5 110 80 400 298 3.83 457 0.61 262 0.796 3.5 110 110 52.2 54.2 59.8 S.F 
S
p
an
g
o
lo
 e
t 
al
 (
2
0
1
3
) 
56 VR1 48.44 150 80 400 360 2.23 600 0.07 596 1,562 2.4 203.61 
203.61 
107.4 148.2 189.7 S.F 
57 VR2 49.92 150 80 400 360 2.23 600 0.07 596 0.781 2.4 151.25 151.25 109.7 107 94.9 S.F 
                                        
              Total Samples = 57               
              Shear Failure=S.F = 56               
              Flexural Failure= F.F = 1               
              % S.F = 98.25               
              % F.F = 1.75               
 
Appendix-C3 
  Sr.No NAME bo c Span d pl fy fc VEXP VANN VCFP VACI VEC2 M.O.F 
      mm mm mm mm % Mpa Mpa kN kN kN kN kN   
 
349 
Appendix C3: 
The Database of the RC Flat Slab is presented in the Appendix C3. 
  Sr.No NAME bo c Span d pl fy fc VEXP VANN VCFP VACI VEC2 M.O.F 
      mm mm mm mm % Mpa Mpa kN kN kN kN kN   
Q
u
ad
ra
ti
c 
sl
ab
s 
te
st
ed
 b
y
 E
ls
tn
er
/H
o
g
n
es
ta
d
 (
1
9
5
6
):
 1 IA-1(a-e) 1488 254 1780 118 0.012 332 19.8 346 374 379.71 260.43 275.493 S.F 
2 IA-2(a-c),IA7b 1472 254 1780 114 0.025 321 19.4 428 437 239.32 246.37 311.337 S.F 
3 IA-3-(a-d) 1472 254 1780 114 0.031 321 19.05 471 427 236.43 244.14 309.453 S.F 
4 IIA-4 1896 356 1780 118 0.012 332 20.6 400 404 441.08 338.48 337.264 S.F 
5 IIA-5 1880 356 1780 114 0.025 321 22 534 575 315.32 335.08 393.372 S.F 
6 VA-9 1472 254 1780 114 0.069 321 23.6 445 446 272.72 271.74 332.354 F.F 
7 VA-I0 1880 356 1780 114 0.069 321 23.5 489 487 329.5 346.32 402.116 F.F 
8 VIIA-I3 1908 356 1780 121 0.005 294 20.7 236 282 570.18 350.13 259.503 S.F 
9 VIIIB-1 1472 254 1780 114 0.005 324 11.2 178 258 344.37 187.2 163.311 S.F 
10 VIIIB-2 1472 254 1780 114 0.005 321 37.6 200 318 576.8 342.99 244.534 S.F 
11 VIIIB-4 1472 254 1780 114 0.009 303 37.7 334 357 526.42 343.45 297.725 S.F 
12 VIIIB-9 1472 254 1780 114 0.02 341 34.1 505 417 348.56 326.64 375.735 S.F 
13 VIIIB-11 1472 254 1780 114 0.03 409 10.7 329 334 160.95 182.97 255.324 S.F 
14 VIIIB-I4 1472 254 1780 114 0.03 325 39.9 578 428 387.04 353.33 395.932 S.F 
C
ir
cu
la
r 
sl
ab
s 
te
st
ed
 b
y
 
K
in
n
u
n
en
/N
y
la
n
d
er
 
(1
9
6
0
):
 
15 IA15a-5 1068 150 1710 117 0.008 441 27.6 255 286 385.5 218.82 209.402 S.F 
16 IA15a-6 1072 150 1710 118 0.008 454 25.4 275 291 374.94 212.51 205.997 S.F 
17 IA15c-11 1084 150 1710 121 0.018 436 31 334 259 282.36 243.43 298.28 S.F 
18 IA15c-12 1088 150 1710 122 0.017 332 28.4 332 325 315.66 235.79 287.375 S.F 
19 IA30a-24 1712 300 1710 128 0.01 456 25.6 430 386 485.98 369.58 339.792 S.F 
20 IA30a-25 1696 300 1710 124 0.011 451 24.3 408 388 432.2 345.56 332.068 S.F 
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21 IA30c-30 1680 300 1710 120 0.021 436 29.2 491 493 370.67 363.13 414.702 S.F 
22 IA30c-31 1676 300 1710 119 0.021 448 29.2 540 487 366.22 359.25 410.691 S.F 
23 IA30d-32 1692 300 1710 123 0.005 448 25.5 258 260 567.54 350.31 257.007 S.F 
24 IA30d-33 1700 300 1710 125 0.005 462 25.8 258 264 582.24 359.79 262.938 S.F 
25 IA30e-34 1680 300 1710 120 0.01 461 26.5 332 361 443.36 345.93 318.674 S.F 
26 IA30e-35 1688 300 1710 122 0.01 459 24.3 332 363 438.74 338.39 315.62 S.F 
Q
u
ad
ra
ti
c 
sl
ab
s 
te
st
ed
 b
y
 M
o
e 
(1
9
6
1
):
 
27 S1-60 1472 254 1780 114 0.011 399 22.1 389 350 360.7 262.96 266.409 S.F 
28 S2-60 1472 254 1780 114 0.015 399 21 356 379 290.06 256.33 290.44 S.F 
29 S3-60 1472 254 1780 114 0.02 399 21.5 364 395 256.29 259.36 322.188 S.F 
30 S4-60 1472 254 1780 114 0.026 399 22.6 334 387 264.96 265.92 327.592 S.F 
31 S1-70 1472 254 1780 114 0.011 483 23.3 393 354 331.91 270 271.146 S.F 
32 S3-70 1472 254 1780 114 0.02 483 24.1 378 362 276.56 274.6 334.685 S.F 
33 S4-70 1472 254 1780 114 0.026 483 33.4 374 340 343.77 323.27 373.146 S.F 
34 S4-70A 1472 254 1780 114 0.026 483 19.5 312 323 240.14 247.01 311.871 S.F 
35 S5-60 1268 203 1780 114 0.011 399 21.1 343 325 326.49 221.33 234.572 S.F 
36 S5-70 1268 203 1780 114 0.011 399 21.9 378 325 331.78 225.49 237.499 S.F 
37 R1 1064 152 1780 114 0.014 328 25.3 312 297 313.9 203.37 238.107 S.F 
38 R2 1472 254 1780 114 0.014 328 26.2 394 387 380.07 286.31 305.56 S.F 
39 H1 1512 264 1780 114 0.011 328 24.8 372 362 417.46 286.13 282.587 S.F 
40 MIA 1676 305 1780 114 0.015 481 19.8 433 418 268.27 283.39 314.934 S.F 
Q
u
ad
ra
ti
c 
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ed
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y
 M
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(1
9
6
6
):
 
41 P1-S1 828 100 3000 107 0.011 304 24.3 216 212 294.07 145.58 171.215 S.F 
42 P2-S1 1428 250 3000 107 0.011 304 32.1 257 354 420.58 288.56 277.607 S.F 
43 P3-S1 2228 450 3000 107 0.011 304 28.2 301 391 518.9 421.99 380.477 S.F 
44 P1-S2 828 100 3000 107 0.011 324 23 196 198 280.45 141.63 168.106 S.F 
45 P2-S2 1428 250 3000 107 0.011 324 31.4 283 349 408.46 285.4 275.574 S.F 
46 P3-S2 2228 450 3000 107 0.011 324 30.3 397 387 528.12 437.42 389.696 S.F 
47 P1-S3 828 100 3000 107 0.011 324 37.7 184 186 329.85 181.33 198.208 S.F 
48 P2-S3 828 100 3000 107 0.014 324 34 211 201 281.83 172.2 207.529 S.F 
49 P3-S3 828 100 3000 107 0.005 324 37.2 165 169 406.1 180.12 151.721 S.F 
50 P1-S4 828 100 3000 107 0.005 451 25.1 175 177 337.09 147.96 133.073 S.F 
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51 P2-S4 1428 250 3000 107 0.005 451 29.7 246 288 449.16 277.57 207.989 S.F 
52 P3-S4 2228 450 3000 107 0.005 451 32.4 294 206 595.55 452.32 306.398 S.F 
Q
u
ad
ra
t
ic
 s
la
b
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te
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ed
 
b
y
 
C
o
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/
H
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k
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s 
(1
9
6
8
):
 
53 AN-1 1460 254 1820 111 0.015 404 30.2 334 367 326.76 296.86 317.643 S.F 
54 AN-2 1256 203 1820 111 0.015 444 30.2 266 287 275.98 255.38 283.61 S.F 
C
ir
cu
la
r 
sl
ab
s 
te
st
ed
 b
y
 
L
ad
n
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t 
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. 
(1
9
7
0
-7
7
):
 
55 DA6 720 100 1056 80 0.018 550 29.6 183 199 120.06 104.46 145.455 S.F 
56 DA7-6 920 150 1056 80 0.018 550 33.1 288 305 154.23 141.15 180.01 S.F 
57 DA10 920 150 1056 80 0.018 550 31.6 281 301 149.53 137.91 177.248 S.F 
58 DA11 920 150 1056 80 0.018 550 30 324 296 144.44 134.37 174.205 S.F 
59 P1 2160 300 2650 240 0.013 544 27.6 1662 918 1031.3 907.82 850.37 S.F 
60 M1 1636 300 1200 109 0.012 541 31.4 362 375 339 333.08 320.901 S.F 
C
ir
cu
la
r 
sl
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P
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n
d
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 E
T
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9
7
7
/1
9
7
9
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61 P2 1772 300 2600 143 0.015 558 35.4 628 589 545 502.55 494.968 S.F 
62 P5 1884 300 2600 171 0.012 515 27.1 626 653 597.5 559.04 525.152 S.F 
C
ir
cu
la
r 
sl
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s 
te
st
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b
y
 
S
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(1
9
7
8
):
 
63 0 1292 210 1680 113 0.008 420 21.9 280 317 370.76 227.74 214.702 S.F 
64 3 1520 210 1680 170 0.006 450 22.1 460 479 815.17 404.92 332.169 S.F 
Q
u
ad
ra
t
ic
 s
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b
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te
st
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y
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(1
9
8
2
):
 
65 S1 1000 150 1690 100 0.006 462 40.1 198 208 361.1 211.08 175.634 S.F 
66 S7 1000 150 1690 100 0.006 462 37.4 222 209 353.2 203.85 171.6 S.F 
Q
u
ad
ra
ti
c 
sl
ab
s 
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ed
 b
y
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an
 (
1
9
8
6
):
 
67 I-1 1108 200 1830 77 0.012 500 25.8 194 187 143.57 144.45 160.944 S.F 
68 I-2 1108 200 1830 77 0.012 500 23.4 174 180 134.52 137.57 155.79 S.F 
69 I-3 1108 200 1830 77 0.0092 500 27.4 194 178 188.61 148.86 150.287 S.F 
70 I-4 1108 200 1830 77 0.0092 500 32.3 194 193 202.59 161.63 158.759 S.F 
71 I-5 1116 200 1830 79 0.0075 480 28.2 165 181 219.23 156.06 145.915 S.F 
72 I-6 1116 200 1830 79 0.0075 480 21.9 165 166 196.48 137.53 134.121 S.F 
73 I-7 1116 200 1830 79 0.008 480 30.4 186 186 221.19 162.03 152.868 S.F 
74 II-1 1800 250 2745 200 0.0098 530 34.9 825 738 983.51 708.91 607.654 S.F 
75 II-2 1152 160 1800 128 0.0098 485 33.3 390 363 420.79 283.64 275.661 S.F 
76 II-3 1152 160 1800 128 0.0098 485 34.3 365 363 425.15 287.86 278.393 S.F 
77 II-4 576 80 900 64 0.0098 480 34.6 117 103 107.3 72.28 85.863 S.F 
78 II-5 576 80 900 64 0.0098 480 34.6 105 103 107.3 72.28 85.863 S.F 
79 II-6 576 80 900 64 0.0098 480 34.6 105 103 107.3 72.28 85.863 S.F 
80 III-1 980 150 1370 95 0.0083 494 23.2 197 175 235.29 149.48 152.777 S.F 
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81 III-2 980 150 1370 95 0.0083 494 9.52 123 121 155.15 95.75 113.529 S.F 
82 III-3 980 150 1370 95 0.0083 494 37.8 214 211 282.82 190.8 179.774 S.F 
83 III-4 972 150 1370 93 0.0152 464 11.9 154 154 105.63 103.94 145.667 S.F 
84 III-5 972 150 1370 93 0.0152 464 26.8 214 203 168.81 155.99 190.937 S.F 
85 III-6 972 150 1370 93 0.0152 464 42.6 248 241 229.93 196.67 222.834 S.F 
86 IV-1 960 160 1530 80 0.0131 525 26.2 190 232 136.23 131.04 154.611 S.F 
87 IV-2 960 160 1530 80 0.0131 525 34 236 259 162.08 149.27 168.643 S.F 
88 IV-3 960 160 1530 80 0.0131 525 28.3 248 240 143.41 136.19 158.636 S.F 
89 IV-4 960 160 1530 80 0.0131 525 31.3 262 251 153.38 143.22 164.055 S.F 
90 V-1 688 54 1500 118 0.008 628 34.2 170 185 277.9 158.26 170.897 S.F 
91 V-2 1152 170 1500 118 0.008 628 32.2 280 284 356.85 257.12 234.499 S.F 
92 V-3 912 110 1500 118 0.008 628 32.4 265 262 314.26 204.19 200.257 S.F 
93 V-4 880 102 1500 118 0.008 628 36.2 285 268 319.55 208.26 202.993 S.F 
94 V-5 1072 150 1500 118 0.008 628 41.1 285 296 372.67 270.32 241.841 S.F 
C
ir
cu
la
r 
sl
ab
s 
te
st
ed
 b
y
 T
o
lf
 
(1
9
8
8
):
 
95 S2-1,S2-2 1760 240 2378 200 0.008 657 19.2 602 596 762.2 514.13 458.18 S.F 
96 S2-3,S2-4 1752 240 2378 198 0.0045 666 20.5 467 503 1034.9 523.55 381.27 S.F 
97 S1-1,S1-2 880 120 1189 100 0.008 703 27 205 321 206.99 152.42 154.909 S.F 
98 S1-3,S1-4 872 120 1169 98 0.004 716 25.8 147 397 281.38 144.69 117.893 S.F 
C
ir
cu
la
r 
sl
ab
s 
te
st
ed
 b
y
 R
am
d
an
e 
(1
9
9
3
):
 99 3.1 992 150 1372 98 0.006 550 89.2 224 206 336.83 306.05 223.438 S.F 
100 3.2 992 150 1372 98 0.006 550 55.6 212 236 365.77 241.63 190.866 S.F 
101 3.3 992 150 1372 98 0.006 550 26.5 169 167 286.35 166.82 149.091 S.F 
102 3.4 992 150 1372 98 0.006 550 58 233 237 370.26 246.79 193.573 S.F 
103 3.5 992 150 1372 98 0.006 550 100.3 233 227 345.14 324.54 232.347 S.F 
104 3.6 992 150 1372 98 0.013 550 59.6 319 314 312.1 250.17 252.764 S.F 
105 3.7 992 150 1372 98 0.013 550 43.1 297 276 251.45 212.74 226.878 S.F 
106 3.8 992 150 1372 98 0.013 550 60 341 315 279.76 251.01 253.328 S.F 
107 3.9 992 150 1372 98 0.013 550 97.2 362 371 341.04 319.48 297.524 S.F 
108 3.1 992 150 1372 98 0.013 650 41.4 286 276 244.79 208.51 223.855 S.F 
109 3.11 992 150 1372 98 0.013 650 83.2 405 402 320.92 295.58 282.493 S.F 
110 3.12 992 150 1372 98 0.009 650 55.7 341 298 298.33 241.85 218.617 S.F 
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111 3.13 992 150 1372 98 0.012 650 32.5 244 242 208.31 184.74 201.067 S.F 
112 3.14 992 150 1372 98 0.012 650 37.1 294 257 227.53 197.38 210.138 S.F 
113 3.15 992 150 1372 98 0.01 650 33.3 227 243 211.72 187 190.751 S.F 
Q
u
ad
ra
ti
c 
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o
m
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w
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9
9
3
):
 114 ND65-1-1 1900 200 2500 275 0.015 500 64.1 2050 2048 1751.5 1394.42 1260.49 S.F 
115 ND65-2-1 1400 150 2200 200 0.017 500 70 1200 1091 969.85 780.88 779.12 S.F 
116 ND95-1-1 1900 200 2500 275 0.015 500 83.5 2250 2249 1954.8 1591.51 1376.62 S.F 
117 ND95-1-3 1900 200 2500 275 0.025 500 89.7 2400 2403 2011 1649.53 1551.78 S.F 
118 ND95-2-1 1400 150 2200 200 0.017 500 88 1100 1198 1064.5 875.54 840.877 S.F 
119 ND95-2-1D 1400 150 2200 200 0.017 500 86.5 1300 1196 1057.3 868.05 836.072 S.F 
120 ND95-2-3 1400 150 2200 200 0.026 500 89.3 1450 1395 1070.6 881.99 892.036 S.F 
121 ND95-2-3D 1400 150 2200 200 0.026 500 80.1 1250 1299 1025.3 835.32 860.286 S.F 
122 ND95-2-3D+ 1400 150 2200 200 0.026 500 97.8 1450 1471 1109 923.01 919.485 S.F 
123 ND-95-3-1 752 100 1100 88 0.018 500 84.9 300 305 231.73 203.25 234.442 S.F 
124 ND115-1-1 1900 200 2500 275 0.015 500 111.7 2450 2428 2185.4 1840.74 1516.83 S.F 
125 ND115-2-1 1400 150 2200 200 0.011 500 118.7 1400 1398 1191.6 1016.86 803.593 S.F 
126 ND115-2-3 1400 150 2200 200 0.026 500 107.8 1550 1617 1150.3 969.05 949.813 S.F 
C
ir
cu
la
r 
sl
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s 
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st
ed
 b
y
 
H
al
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re
n
 (
1
9
9
6
):
 
127 HSC0 1800 250 2400 200 0.008 643 89.2 965 986 1264.8 1133.35 776.469 S.F 
128 HSC1 1800 250 2400 200 0.008 643 91.3 1021 999 1276.3 1146.61 782.515 S.F 
129 HSC2 1776 250 2400 194 0.008 620 85.7 889 892 1185.3 1063.2 735.069 S.F 
130 HSC4 1800 250 2400 200 0.012 596 91.6 1041 1257 1277.9 1148.49 896.736 S.F 
131 HSC6 1804 250 2400 201 0.006 633 103.4 960 965 1349.3 1229.06 746.143 S.F 
132 HSC8 1792 250 2400 198 0.008 631 94.9 944 989 1274.7 1152.17 781.877 S.F 
133 HSC9 1808 250 2400 202 0.003 634 79.9 565 561 1496.7 1088.18 547.144 S.F 
R
ec
ta
n
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u
la
r 
sl
ab
s 
te
st
ed
 b
y
 
O
li
v
er
a 
et
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2
0
0
4
):
 134 L2C 916 120 1500 109 0.0109 749 58 330 372 333.01 253.46 248.813 S.F 
135 L3C 904 120 1500 106 0.011 749 54 358 341 303.29 234.72 234.664 S.F 
136 L4C 908 120 1500 107 0.0107 749 56 404 358 315.56 242.35 238.351 S.F 
137 L5C 916 120 1500 109 0.0107 749 63 446 382 310.53 264.16 254.192 S.F 
134 L2C 1396 240 2100 109 0.0109 749 58 330 381 451.23 386.28 337.148 S.F 
135 L3C 1864 360 2100 106 0.011 749 54 358 386 522.54 483.98 404.301 S.F 
136 L4C 2348 480 2100 107 0.0107 749 56 404 411 655.68 626.69 495.256 S.F 
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137 L5C 2836 600 2100 109 0.0107 749 63 446 443 751.51 817.87 615.175 S.F 
Q
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138 P5-1,P5-2,P5-3 920 150 720 80 0.0054 550 32.9 215 188 227.23 140.72 120.261 S.F 
139 P5-1,P5-2,P5-3 920 150 720 80 0.0108 550 32.7 250 236 152.98 140.29 151.212 S.F 
140 P10-5 920 150 720 80 0.0054 550 29.1 164 174 217.13 132.34 115.44 S.F 
141 P10-10 920 150 720 80 0.0108 550 32.7 225 236 152.98 140.29 151.212 S.F 
                                
          Total Samples = 145             
          Shear Failure=S.F = 143             
          Flexural Failure= F.F = 2             
          % S.F = 98.62             
          % F.F = 1.38             
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Appendix D1: 
Hybrid Database of HBWOS D1 
Experimental Database LHS Sample Number CFP Calculation for Required Numbers 
Sr. No b d av/d ρl fyl fc Mf Vu b d av/d ρl fyl fc Vu Sr. No b d av/d ρl fyl fc Mf Vu 
  mm mm   % Mpa Mpa KN-mm KN mm mm 0 % Mpa Mpa KN   mm mm 0 % Mpa Mpa KN-mm KN 
Min 50 65 0.98 0.36 283 12.2 1666 7 50 65 1.04 0.42 284 12 9 722 100 200 5.5 1 250 50 21113 11.1 
Max 500 483 9.75 5 707 100 844096 360 496 483 9.99 5 706 100 360 975 225 450 9.75 5 700 100 1319974 229 
1 127 203 4.005 3.93 414 62.4 76782 58 111 353 5.89 4.61 577 56 211 722 100 200 5.5 2.5 500 50 45419 36.44 
2 127 203 3.005 3.93 414 62.4 76782 69 224 453 9.57 3.93 700 78 197 723 150 300 5.5 2.5 500 50 153290 82 
3 127 203 2.704 3.93 414 62.4 76782 69 55 407 3.36 3.87 458 83 249 724 200 400 5.5 2.5 500 50 363355 145.8 
4 127 208 4 1.77 414 62.4 38439 47 263 444 9.66 3.38 299 57 280 725 100 200 6.5 2.5 500 50 45419 34.94 
5 127 208 3 1.77 414 62.4 38439 49 284 289 1.41 3.12 347 37 319 726 100 200 7.5 2.5 500 50 45419 30.28 
6 127 202 3.995 5 414 68.7 95286 51 139 479 3.32 4.47 704 13 313 727 100 200 5.5 2.5 500 70 46566 41.99 
7 127 202 2.995 5 414 68.7 95286 69 397 101 1.56 3.13 438 71 26 728 100 200 5.5 2.5 500 90 47213 42.92 
8 127 202 2.698 5 414 68.7 95286 100 276 214 5.38 1.89 555 81 186 729 100 200 5.5 2.5 400 50 37068 33.7 
9 127 208 4 2.25 414 68.7 48494 44 95 482 7.83 2.5 659 70 96 730 100 200 5.5 2.5 300 50 28351 25.77 
10 127 208 3 2.25 414 68.7 48494 47 241 470 7.66 3.36 478 92 250 731 100 200 5.5 3.5 250 50 32755 29.78 
11 127 208 2.702 2.25 414 68.7 48494 80 120 396 3.17 1.96 530 44 357 732 100 200 5.5 4.5 250 50 41290 36.44 
15 127 207 3.99 3.25 414 66 67585 45 168 293 1.06 1.88 488 67 143 733 100 200 9 1 550 50 21113 11.73 
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16 127 207 2.995 3.25 414 66 67585 44 236 430 6.79 4.39 331 22 234 734 100 200 6.5 4.5 600 90 94995 44.23 
17 127 207 2.696 3.25 414 66 67585 45 389 479 3.22 2.98 644 62 131 735 100 200 7.5 3 650 70 69643 41.99 
18 102 178 3.702 1.39 413 43.6 17706 27 200 179 9.01 0.69 523 22 61 736 100 200 8.5 4 700 80 96565 43.17 
19 102 178 3.702 1.39 413 78.1 18062 27 462 335 4.63 2.38 682 80 324 737 100 200 9.5 5 550 90 96509 44.23 
20 102 178 3.702 1.39 413 80.8 18077 27 218 157 6.12 2.34 545 30 152 738 100 200 9.75 1 600 100 23413 12.01 
36 104 84 2.798 1.63 400 35.6 4457 14 203 300 3.42 1.48 401 24 154 739 100 200 9 4.5 650 50 91918 36.44 
37 105 84 2.798 1.61 400 35.6 4460 19 172 301 7.65 3.86 667 62 176 740 100 200 6.5 3 700 50 71072 36.44 
38 104 84 2.798 1.63 400 35.6 4457 15 99 462 9.15 1.81 424 48 200 741 100 200 7.5 4 550 50 73811 36.44 
39 106 168 2.875 1.59 400 34.3 17807 29 58 462 5.94 3.64 581 92 19 742 100 200 8.5 5 600 60 97592 40.66 
40 105 168 2.875 1.61 400 34.3 17795 30 154 445 4.24 2.37 453 78 296 743 100 200 9.5 1 650 70 25071 13.2 
41 106 166 2.91 1.61 400 34.3 17580 30 238 235 8.81 2.08 643 48 163 744 100 200 9.75 4.5 700 80 106465 43.17 
42 105 333 2.937 1.55 400 36.1 67721 42 82 382 5.92 3.17 522 54 139 745 100 200 9 3 550 90 61143 33.97 
43 101 333 2.937 1.61 400 36.1 67544 41 239 131 4.13 3.86 702 20 349 746 100 200 6.5 4 600 100 86603 45.18 
44 101 333 2.937 1.61 400 36.1 67544 43 492 125 2.56 0.7 610 42 133 747 100 200 7.5 5 650 50 99035 36.44 
44 240 300 3 1.26 426 23.2 106761 70 446 80 7.23 2.94 595 56 64 748 100 200 8.5 1 700 50 26564 15.63 
52 310 461 3.967 1.81 555 22.6 562554 167 112 279 6.38 2.55 490 44 221 749 100 200 9.5 4.5 550 50 81042 36.44 
53 305 466 4.906 2.27 555 23.7 686349 178 282 391 2.04 2.08 616 92 206 750 100 200 9.75 3 600 60 63933 32.79 
54 307 462 6.926 2.73 552 37.6 844096 189 120 388 3.69 1.93 560 96 330 751 100 200 9 4 650 70 89142 41.99 
55 203 356 3 1.74 478 38.9 197358 96 406 259 7.82 2.98 390 34 155 752 100 200 6.5 5 700 80 115883 43.17 
56 203 356 3 1.74 478 38.9 197358 97 251 164 3.16 4.2 532 72 52 753 100 200 7.5 1 550 60 21247 14.16 
57 203 356 3 1.74 478 32.8 194412 87 217 338 7.38 1.81 683 94 287 754 100 200 8.5 4.5 600 100 96107 45.18 
58 203 356 3 1.74 478 32.8 194412 94 486 290 7.5 0.75 542 19 327 755 100 200 9.5 3 650 50 66853 35.19 
59 203 356 3 1.74 478 35.7 195940 99 223 216 9.95 3.3 506 95 294 756 100 200 9.75 4 700 50 89016 36.44 
60 203 356 3 1.74 478 35.7 195940 96 337 100 6.63 2.06 357 94 124 757 100 200 9 5 550 50 87830 36.44 
61 100 177 3 1.77 421 24.5 21021 24 478 415 6.07 0.91 578 50 101 758 100 200 6.5 1 600 60 23104 17.77 
62 100 177 3 1.77 421 24.5 21021 24 280 184 7.26 2.78 359 61 137 759 100 200 7.5 4.5 650 70 98196 41.99 
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63 100 177 3 1.77 421 26.2 21013 25 413 242 7.38 2.1 467 98 195 760 100 200 8.5 3 700 80 75318 43.17 
64 100 177 3 1.77 421 26.2 21013 26 445 302 7.82 2.86 684 96 249 761 100 200 9.5 4 550 90 79366 41.77 
65 100 177 3 1.77 421 28.5 21203 27 408 113 1.57 4.5 597 79 134 762 100 200 9.75 5 600 100 105317 45.18 
66 100 177 3 1.77 421 28.5 21203 23 434 319 2.26 4.48 457 89 162 763 100 200 9 1 650 50 24761 13.76 
67 100 177 3 1.77 421 22.5 20809 22 415 408 6.42 4.5 504 45 126 764 100 200 6.5 4.5 700 50 96911 36.44 
68 100 177 3 1.77 421 23 20866 23 481 218 5.69 2.95 623 58 316 765 100 200 7.5 3 550 50 58019 36.44 
69 100 177 3 1.77 421 31.8 21425 21 214 222 4.92 0.68 606 90 122 766 100 200 8.5 4 600 60 81659 40.66 
70 60 106 3 1.78 504 20.8 5171 10 373 346 5.59 2.08 376 62 120 767 100 200 9.5 5 650 70 106785 41.99 
71 60 106 3 1.78 504 20.8 5171 9 258 147 7.57 0.72 445 21 32 768 100 200 9.75 1 700 80 27035 13.86 
72 60 106 3 1.78 504 20.8 5171 9 187 65 1.09 4.71 646 50 67 769 100 200 9 4.5 550 90 88072 44.23 
73 60 106 3 1.78 504 20.8 5171 10 275 73 8.35 3.59 403 36 297 770 100 200 6.5 3 600 100 66714 45.18 
74 60 106 3 1.78 504 35.2 5483 12 259 430 2.25 0.63 537 14 25 771 100 200 7.5 4 650 50 84182 36.44 
75 60 106 3 1.78 504 35.2 5483 12 300 386 9.71 4.95 511 48 290 772 100 200 8.5 5 700 50 102916 36.44 
76 60 106 3 1.78 504 35.2 5483 10 444 473 7.01 4.23 407 56 283 773 100 200 9.5 1 550 50 21113 11.11 
77 60 106 3 1.78 504 35.2 5483 11 279 229 3.26 1.53 537 53 357 774 100 200 9.75 4.5 600 60 89850 40.66 
78 102 137 4.08 2.87 328 27.6 15820 20 116 437 4.2 1.16 701 47 254 775 100 200 9 3 650 70 69643 38.69 
79 102 137 2.599 1.85 328 27.6 10683 20 107 313 8.48 2.21 675 33 263 776 100 200 6.5 4 700 80 96565 43.17 
80 102 137 3.336 2.35 328 27.6 13304 20 378 113 1.43 2.62 456 47 153 777 100 200 7.5 5 550 90 96509 44.23 
81 102 137 3.336 2.35 328 27.6 13304 18 406 254 5.11 0.66 518 36 220 778 100 200 8.5 1 600 100 23413 13.77 
82 102 137 4.08 2.35 328 17.7 12634 17 246 329 7.74 1.59 314 62 294 779 100 200 9.5 4.5 650 50 91918 36.44 
83 102 137 2.599 2.87 328 17.7 14825 18 212 396 4.79 1.78 667 43 221 780 100 200 9.75 3 700 50 71072 36.44 
84 102 137 3.708 1.85 328 38.6 10936 21 312 299 1.76 1.57 548 84 305 781 100 200 9 4 550 50 73811 36.44 
85 102 137 3.708 1.85 328 31.9 10803 21 407 83 1.94 0.98 475 23 66 782 100 200 6.5 5 600 90 103945 44.23 
86 102 137 3.708 1.85 328 32.2 10810 22 73 431 5.66 0.57 660 78 307 783 100 200 7.5 1 650 70 25071 16.71 
87 102 137 3.708 2.87 328 32.2 16127 29 463 286 6.02 0.48 324 69 120 784 100 200 8.5 4.5 700 80 106465 43.17 
88 102 137 3.708 2.87 328 32.2 16127 27 452 125 7.19 0.77 438 73 95 785 100 200 9.5 3 550 90 61143 32.18 
89 102 137 3.708 2.87 328 31.2 16068 22 436 465 9.5 3.7 323 15 355 786 100 200 9.75 4 600 100 86603 44.41 
90 102 137 3.708 2.87 328 31.2 16068 26 425 194 3.22 4.73 440 83 310 787 100 200 9 5 650 50 99035 36.44 
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91 102 137 3.708 2.87 328 32.1 16121 25 221 74 8.81 1.22 701 91 349 788 100 200 6.5 1 700 50 26564 20.43 
92 102 137 3.708 2.87 328 32.1 16121 23 242 365 6.8 4.17 573 39 75 789 100 200 7.5 4.5 550 50 81042 36.44 
101 300 450 3 0.81 550 37.2 260405 132 477 427 6.44 4.84 660 92 343 790 100 200 8.5 3 600 90 66220 38.95 
102 300 225 3 0.89 550 37.2 70726 73 81 197 2.03 1.45 440 82 125 791 100 200 9.5 4 650 70 89142 41.99 
103 300 110 3.073 0.91 550 37.2 17269 40 172 103 9.81 2.51 681 47 199 792 100 200 9.75 5 700 80 115883 43.17 
105 300 450 3 0.81 550 98.8 267222 132 168 228 2.4 3.47 421 38 77 793 100 200 9 1 550 90 21460 11.92 
106 300 225 3 0.89 550 98.8 72754 85 471 107 7.41 2.34 505 22 233 794 100 200 6.5 4.5 600 100 96107 45.18 
108 152 254 2 1 459 28.1 42474 73 113 402 7.75 1.07 577 47 351 795 100 200 7.5 3 650 50 66853 36.44 
109 152 254 3 1 469 31.5 43632 42 80 168 5.6 2.05 488 24 283 796 100 200 8.5 4 700 50 89016 36.44 
110 152 254 4 1 452 19.4 40972 34 57 338 3.44 3.07 407 41 109 797 100 200 9.5 5 550 50 87830 36.44 
111 152 254 5 1 459 26.8 42348 35 113 308 8.18 2.49 362 31 166 798 100 200 9.75 1 600 90 23358 11.98 
112 152 254 6 1 462 30.7 42956 33 146 418 8.05 4.16 573 53 53 799 100 200 9 4.5 650 70 98196 41.99 
113 152 254 2 3.34 341 28.3 95627 103 269 141 1.21 3.91 575 100 99 800 100 200 6.5 3 700 80 75318 43.17 
114 152 254 3 3.34 313 26.7 88190 59 420 222 4.66 4.06 561 83 324 801 100 200 7.5 4 550 90 79366 44.23 
115 152 254 4 3.34 393 22.1 103266 47 321 174 7.26 3.81 424 61 17 802 100 200 8.5 5 600 100 105317 45.18 
116 152 254 5 3.34 364 27.5 100393 55 440 146 1.29 0.66 342 51 99 803 100 200 9.5 1 650 50 24761 13.03 
117 152 254 6 3.34 332 25 91530 49 486 455 1.94 2.05 384 66 355 804 100 200 9.75 4.5 700 50 96911 36.44 
118 150 221 3 1.82 485 54.1 60753 58.1 77 86 8.29 1.19 336 43 120 805 100 200 9 3 550 50 58019 32.23 
119 150 207 4 3.24 485 54 90102 40.5 364 275 9.98 3.21 338 48 189 806 100 200 6.5 4 600 90 85725 44.23 
120 150 207 3 3.24 485 54 90102 82.6 367 167 3.59 4.23 634 33 348 807 100 200 7.5 5 650 70 106785 41.99 
121 150 221 3 1.82 485 77.8 61760 67.9 350 173 2.19 1.6 347 85 320 808 100 200 8.5 1 700 80 27035 15.9 
122 150 207 4 3.24 485 77.8 92919 77.8 290 136 8.94 0.99 300 56 333 809 100 200 9.5 4.5 550 90 88072 44.23 
123 150 207 3 3.24 485 77.8 92919 82.6 208 418 9.65 3.36 380 66 145 810 100 200 9.75 3 600 100 66714 34.21 
124 150 207 4 3.24 485 86.4 93586 86.2 489 292 4.62 4.18 336 14 278 811 100 200 9 4 650 50 84182 36.44 
125 150 207 3 3.24 485 86.4 93586 107.2 121 225 4.56 0.42 678 18 310 812 100 200 6.5 5 700 50 102916 36.44 
126 150 221 3 1.82 485 97.7 62260 56.2 248 93 5.35 0.59 433 21 173 813 100 200 7.5 1 550 50 21113 14.08 
127 150 207 4 3.24 485 97.7 94308 76.8 116 134 9.93 4.28 570 61 32 814 100 200 8.5 4.5 600 90 94995 44.23 
128 150 207 3 3.24 485 97.7 94308 77.7 343 109 3.8 0.73 435 34 142 815 100 200 9.5 3 650 70 69643 36.65 
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129 300 442 3 1.82 485 77.8 494278 180.3 299 240 1.49 3.05 334 20 116 816 100 200 9.75 4 700 80 96565 43.17 
130 300 414 4 3.24 485 77.8 743519 229.4 476 239 2.14 3.97 549 67 277 817 100 200 9 5 550 90 96509 44.23 
131 300 414 3 3.24 485 77.8 743519 280.7 420 126 8.98 4.37 382 90 287 818 100 200 6.5 1 600 100 23413 18.01 
132 178 270 4 1.19 434 65.5 64799 57.4 202 468 6.81 3.8 636 54 347 819 100 200 7.5 4.5 650 50 91918 36.44 
133 178 268 4.004 2.44 434 65.5 127072 65.6 351 113 7.82 2.5 487 70 126 820 100 200 8.5 3 700 50 71072 36.44 
134 178 267 3.996 3.2 434 65.5 161955 74.9 96 313 4.96 4.62 441 25 181 821 100 200 9.5 4 550 50 73811 36.44 
135 178 268 4.004 1.63 434 79.3 87099 62.3 447 468 4.49 2.25 404 84 189 822 100 200 9.75 5 600 90 103945 44.23 
136 178 268 4.004 2.44 434 79.3 128279 66.3 55 171 7.29 4.87 577 82 56 823 100 200 9 1 650 70 25071 13.93 
137 178 268 6.007 2.44 434 63.4 126850 60.1 257 418 2.82 2.91 595 53 19 824 100 200 6.5 4.5 700 80 106465 43.17 
138 178 270 4 1.19 434 20.7 61256 43.7 182 423 2.84 3.47 319 93 92 825 100 200 7.5 3 550 90 61143 40.76 
139 178 268 4.004 2.44 434 20.7 112300 53.2 50 230 2.97 0.66 446 79 273 826 100 200 8.5 4 600 100 86603 45.18 
140 178 273 4 0.93 434 40 51486 44.7 370 377 6.84 3.61 667 44 121 827 100 200 9.5 5 650 50 99035 36.44 
141 178 270 4 1.19 434 40 63678 47.6 313 348 9.51 3.03 441 90 92 828 100 200 9.75 1 700 50 26564 13.62 
142 178 268 4.004 2.44 434 40 122401 63.4 291 315 3.62 1.96 626 47 153 829 100 200 9 4.5 550 50 81042 36.44 
143 152 253 3.012 3.35 310 21.5 84863 76 156 313 1.06 3.25 378 22 70 830 100 200 6.5 3 600 90 66220 44.23 
144 152 253 3.012 3.35 283 36.7 83739 80 132 322 8.54 4.37 340 57 33 831 100 200 7.5 4 650 70 89142 41.99 
145 152 253 4.016 3.35 310 28 87725 53 455 228 8.98 4.56 566 72 135 832 100 200 8.5 5 700 80 115883 43.17 
146 152 253 5.02 3.35 303 25.8 84961 51 420 413 1.78 3.6 650 33 353 833 100 200 9.5 1 550 90 21460 11.29 
147 152 253 6.024 3.35 331 27.9 92641 51 338 404 5.67 1.21 382 16 295 834 100 200 9.75 4.5 600 100 96107 45.18 
148 152 253 2.862 3.35 310 21.5 84863 75 474 443 2.33 2.11 572 43 351 835 100 200 9 3 650 50 66853 36.44 
149 152 253 2.862 3.35 283 36.7 83739 93 265 348 2.71 4.05 600 57 30 836 100 200 6.5 4 700 50 89016 36.44 
150 152 253 3.866 3.35 310 28 87725 62 349 161 8.32 0.49 622 61 189 837 100 200 7.5 5 550 50 87830 36.44 
151 152 253 2.763 3.35 295 30.8 85124 93 421 385 7.78 2.99 678 84 79 838 100 200 8.5 1 600 90 23358 13.74 
152 152 253 2.763 3.35 307 38.6 90463 110 406 174 9.51 1.16 473 61 199 839 100 200 9.5 4.5 650 70 98196 41.99 
153 152 253 3.312 3.35 314 33.2 90727 94 93 193 4.52 2.52 536 57 186 840 100 200 9.75 3 700 80 75318 38.62 
154 152 253 2.763 3.35 310 23.7 86322 104 196 139 3 4.88 389 24 210 841 100 200 9 4 550 90 79366 44.09 
155 400 127.5 2.502 1.96 444 34.2 51423 112 289 137 5.4 4.97 500 37 45 842 100 200 6.5 5 600 100 105317 45.18 
156 400 127.5 2.502 1.18 444 34.2 32099 85 90 360 9.75 1.38 544 45 51 843 100 200 7.5 1 650 50 24761 16.51 
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157 400 190 2.5 1.97 433 34.2 112304 123 453 354 1.09 2.94 681 92 136 844 100 200 8.5 4.5 700 50 96911 36.44 
158 400 190 2.5 1.18 433 34.2 70047 104 165 264 5.49 3.67 616 90 257 845 100 200 9.5 3 550 50 58019 30.54 
159 400 312.5 2.499 2 436 34.2 309362 179 169 347 7.01 1.03 476 49 257 846 100 200 9.75 4 600 90 85725 43.96 
160 400 312.5 2.499 1.2 436 34.2 193120 158 247 135 8.44 1.98 533 59 273 847 100 200 9 5 650 70 106785 41.99 
161 400 440 2.5 1.99 385 34.2 545120 215 417 144 4.37 3.69 325 52 111 848 100 200 6.5 1 700 80 27035 20.8 
162 400 440 2.5 1.19 385 34.2 338539 188 231 250 4.82 2.03 683 97 87 849 100 200 7.5 4.5 550 90 88072 44.23 
165 400 65 2.508 1.92 648 58.6 19404 77 365 373 3.24 3.79 519 49 70 850 100 200 8.5 3 600 100 66714 39.24 
166 400 65 2.508 1.15 648 58.6 12040 52 440 199 8.62 4.2 479 45 75 851 100 200 9.5 4 650 50 84182 36.44 
167 400 127.5 2.502 1.96 444 58.6 53500 105 404 385 6.79 3.3 650 58 270 852 100 200 9.75 5 700 50 102916 36.44 
168 400 127.5 2.502 1.18 444 58.6 32846 77 97 292 8.7 2.53 478 86 77 853 100 200 9 1 550 50 21113 11.73 
169 400 190 2.5 1.97 433 58.6 116750 135 468 322 2.34 0.74 343 34 138 854 100 200 6.5 4.5 600 90 94995 44.23 
170 400 190 2.5 1.18 433 58.6 71647 106 391 258 6.96 1.55 623 30 278 855 100 200 7.5 3 650 70 69643 41.99 
171 400 312.5 2.499 2 436 58.6 321881 190 476 68 7.52 4.32 641 74 225 856 100 200 8.5 4 700 80 96565 43.17 
172 400 312.5 2.499 1.2 436 58.6 197627 157 301 167 9.95 4.99 681 55 200 857 100 200 9.5 5 550 90 96509 44.23 
173 400 440 2.5 1.99 385 58.6 564254 199 494 73 2.78 4.42 427 79 183 858 100 200 9.75 1 600 100 23413 12.01 
174 400 440 2.5 1.19 385 58.6 345427 199 96 385 5.52 0.78 699 83 169 859 100 200 9 4.5 650 50 91918 36.44 
177 300 153 3.725 1.34 660 90.1 59749 70 412 262 5.16 1.91 584 29 238 860 100 200 6.5 3 700 50 71072 36.44 
178 300 152 3.75 2.2 517 91.2 75008 76 458 461 2.16 4.48 294 94 257 861 100 200 7.5 4 550 50 73811 36.44 
179 300 146 3.904 4.22 487 93.7 119700 99 362 167 3.49 0.58 383 83 112 862 100 200 8.5 5 600 90 103945 44.23 
180 300 348 3.534 1.88 469 91.3 307936 187 295 231 3.99 4.45 604 14 30 863 100 200 9.5 1 650 70 25071 13.2 
181 300 348 3.534 0.94 469 93.7 157226 123 454 125 8.39 2.73 418 49 150 864 100 200 9.75 4.5 700 80 106465 43.17 
182 300 328 3.75 3.76 487 94.1 543866 230 52 70 5.05 3.34 649 49 151 865 100 200 9 3 550 90 61143 33.97 
193 156 191 3.665 2.28 651 32.8 70618 56 351 94 1.36 2.84 440 16 99 866 100 200 6.5 4 600 100 86603 45.18 
194 156 194 3.608 2.24 651 32.8 71942 54 366 312 4.64 4.73 344 91 228 867 100 200 7.5 5 650 50 99035 36.44 
195 156 192 3.646 2.26 651 31.1 70335 49 472 483 2.72 3.48 325 23 200 868 100 200 8.5 1 700 50 26564 15.63 
196 157 193 2.5 2.2 651 31.1 69947 54 366 257 1.14 3.78 559 22 180 869 100 200 9.5 4.5 550 50 81042 36.44 
197 163 192 2.5 2.17 630 86.2 76835 83 479 396 2.03 3.87 501 81 32 870 100 200 9.75 3 600 90 66220 33.96 
198 158 194 2.5 2.21 630 86.2 77525 77 273 391 8.08 0.64 419 85 201 871 225 450 9 4 650 70 1015388 212.6 
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199 157 191 3.2 2.26 630 44.9 72154 59 157 347 9.69 4.85 408 43 135 872 225 450 6.5 5 700 80 1319974 218.6 
200 155 194 3.2 2.25 630 44.9 73313 63 216 443 5.94 0.83 512 84 198 873 225 450 7.5 1 550 90 244447 72.43 
201 155 194 3.2 2.25 630 84.6 77336 69 460 171 9.88 3.3 553 90 165 874 225 450 8.5 4.5 600 100 1094715 228.7 
202 158 193 3.2 2.22 630 84.6 77013 76 464 170 5.74 1.95 588 68 345 875 225 450 9.5 3 650 50 761493 178.1 
203 156 193 3.2 2.25 443 61.8 54453 71 150 256 1.44 0.61 675 65 77 876 225 450 9.75 4 700 50 1013951 184.5 
204 155 196 3.2 2.23 443 61.8 55332 70 93 342 7.76 4.57 518 92 123 877 225 450 9 5 550 50 1000436 184.5 
205 155 194 3.2 2.25 443 69.1 55037 77 260 135 6.52 1.85 637 40 289 878 225 450 6.5 1 600 90 266060 90.96 
206 156 195 4 2.23 443 69.1 55358 74 451 252 6.12 3.1 538 52 355 879 225 450 7.5 4.5 650 70 1118512 212.6 
207 156 194 4 3.98 494 60.8 101566 89 128 83 2.52 4.49 317 13 91 880 225 450 8.5 3 700 80 857916 218.6 
208 156 195 4 3.96 494 60.8 102162 90 348 110 2.58 2.74 490 81 160 881 225 450 9.5 4 550 90 904027 211.5 
209 156 195 4 3.96 494 65.7 103010 82 368 334 5.92 2.88 319 19 129 882 225 450 9.75 5 600 100 1199625 228.7 
210 155 195 4 3.99 494 65.7 102925 79 164 255 6.57 0.97 668 41 136 883 225 450 9 1 650 50 282048 69.64 
211 156 196 4 3.94 494 58.3 102342 78 495 338 1.67 1.96 286 35 101 884 225 450 6.5 4.5 700 50 1103879 184.5 
212 155 196 4 3.97 494 58.3 102249 83 478 223 3.33 3.72 666 67 47 885 225 450 7.5 3 550 50 660869 184.5 
213 262 208 4 0.74 632 92.4 51771 76 199 150 3.36 1.98 574 58 125 886 225 450 8.5 4 600 90 976457 223.9 
214 283 211 4 1.05 604 91.3 77795 104 228 171 1.48 2.03 374 91 317 887 225 450 9.5 5 650 70 1216348 212.6 
215 337 208 2.644 0.57 630 85 51788 89 263 431 5.41 0.87 452 22 108 888 225 450 9.75 1 700 80 307949 70.19 
216 152 267 2.472 4.99 333 47.6 157208 113 172 139 2.87 0.94 509 61 202 889 225 450 9 4.5 550 90 1003200 223.9 
217 152 267 2.472 2.5 333 25.4 79531 82 182 472 5.93 3.46 581 41 134 890 225 450 6.5 3 600 100 759915 228.7 
218 152 267 2.472 2.5 333 36.9 82742 96 148 310 2.36 3.04 651 36 131 891 225 450 7.5 4 650 50 958890 184.5 
219 152 267 2.472 2.5 333 22.8 79122 44 370 177 6.49 1.3 582 75 121 892 225 450 8.5 5 700 50 1172278 184.5 
220 152 267 2.472 2.5 333 28.2 80563 49 188 156 3.35 0.75 636 48 339 893 225 450 9.5 1 550 50 240492 56.26 
221 152 267 2.472 2.5 333 20.6 77953 55 249 329 1.21 1.01 573 67 281 894 225 450 9.75 4.5 600 90 1082055 223.9 
222 152 267 2.472 2.5 333 33.7 82074 84 322 172 5.29 2.7 660 30 301 895 225 450 9 3 650 70 793273 195.9 
223 152 267 2.472 4.99 333 48.3 157524 109 472 110 6.13 2.31 354 94 32 896 225 450 6.5 4 700 80 1099934 218.6 
224 152 267 2.472 4.99 333 56.3 160580 119 149 382 8.14 0.75 295 13 178 897 225 450 7.5 5 550 90 1099299 223.9 
225 152 267 2.472 2.5 333 24.1 79712 48 348 429 7.09 4.24 614 32 122 898 225 450 8.5 1 600 100 266685 69.72 
226 152 267 2.472 2.5 333 33 81911 49 226 389 9 3.28 408 99 124 899 225 450 9.5 4.5 650 50 1047007 184.5 
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227 152 267 2.472 2.5 333 25.3 79489 45 166 337 6.62 3.81 690 22 331 900 225 450 9.75 3 700 50 809550 184.5 
228 152 267 2.472 2.5 333 33.6 82052 70 453 363 7.03 1.18 446 24 281 901 225 450 9 4 550 50 840754 184.5 
229 152 267 2.472 2.5 333 22.1 78775 57 442 95 6.92 4.68 423 39 260 902 225 450 6.5 5 600 90 1183996 223.9 
230 152 267 2.472 2.5 333 29.2 80882 88 253 462 2.65 3.71 691 22 37 903 225 450 7.5 1 650 70 285579 84.62 
231 152 267 2.472 2.5 333 35.9 82546 88 282 235 5.21 2.45 706 59 279 904 225 450 8.5 4.5 700 80 1212701 218.6 
232 152 267 2.472 2.5 333 25.5 79572 80 99 415 5.31 2.15 647 67 272 905 225 450 9.5 3 550 90 696460 162.9 
233 152 267 2.472 2.5 333 27.7 80395 58 140 133 3.03 3.11 341 93 121 906 225 450 9.75 4 600 100 986460 224.8 
234 152 267 2.472 2.5 333 37.1 82780 90 170 413 8.92 3.81 590 12 131 907 225 450 9 5 650 50 1128070 184.5 
235 152 267 2.472 4.99 333 58 161123 127 477 273 4.37 3.08 482 23 112 908 225 450 6.5 1 700 50 302575 103.4 
236 152 267 2.472 4.99 333 73.6 164416 165 467 65 6.88 3.24 486 100 65 909 225 450 7.5 4.5 550 50 923120 184.5 
237 152 267 4.948 1.25 611 20.9 72641 34 460 334 6.99 4.56 466 40 103 910 225 450 8.5 3 600 90 754288 197.2 
238 152 267 4.948 1.25 611 30.97 75396 43 141 463 4.83 4.4 566 42 353 911 225 450 9.5 4 650 70 1015388 212.6 
239 152 267 4.948 1.25 611 29.66 75082 40 76 394 2.22 2.19 532 64 154 912 225 450 9.75 5 700 80 1319974 218.6 
240 152 267 4.948 3.51 636 30.83 179017 52 192 317 8.21 1.98 531 58 35 913 225 450 9 1 550 90 244447 60.36 
241 152 267 2.472 1.25 334 30.14 42969 46 441 344 3.95 1.13 290 66 328 914 225 450 6.5 4.5 600 100 1094715 228.7 
242 150 203 3.941 3.22 532 83.3 97393 65 175 387 1.88 2.7 683 60 164 915 225 450 7.5 3 650 50 761493 184.5 
243 150 203 3.941 3.22 532 72.2 96305 58 450 92 8.21 3.59 539 98 31 916 225 450 8.5 4 700 50 1013951 184.5 
244 150 207 3.865 2.02 554 50.8 66192 46 447 197 7.32 4.22 371 63 290 917 225 450 9.5 5 550 50 1000436 184.5 
245 150 205 3.902 3.19 320 34.4 57529 55 212 81 5.53 4.78 455 91 175 918 225 450 9.75 1 600 90 266060 60.64 
246 150 207 3.865 2.02 350 26.6 41168 48 352 300 1.99 3.96 576 96 315 919 225 450 9 4.5 650 70 1118512 212.6 
247 153 269 1.513 0.52 400 18.1 22045 53 206 90 5.49 3.31 325 51 96 920 225 450 6.5 3 700 80 857916 218.6 
248 153 272 2.474 0.5 396 18.1 21488 32 163 481 7.51 2.39 668 46 249 921 225 450 7.5 4 550 90 904027 223.9 
249 153 269 3.528 0.52 400 20.7 22155 24 238 228 5.19 2.38 572 35 294 922 225 450 8.5 5 600 100 1199625 228.7 
250 153 275 2.967 0.49 393 20.1 21654 27 167 148 4.83 1.42 331 77 14 923 225 450 9.5 1 650 50 282048 65.98 
251 154 274 0.985 0.49 393 18.1 21499 89 394 386 6.28 2.28 428 36 108 924 225 450 9.75 4.5 700 90 1233594 223.9 
252 152 273 1.985 0.5 393 20.1 21487 41 169 93 9.87 4.49 417 37 69 925 225 450 9 3 550 100 701188 173.1 
253 153 274 3.474 0.51 400 27.6 22730 25 63 164 3.68 2.05 506 56 119 926 225 450 6.5 4 600 90 976457 223.9 
254 153 282 2.404 0.49 400 27.6 23411 37 110 138 5.44 4.67 647 21 117 927 225 450 7.5 5 650 70 1216348 212.6 
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255 153 276 0.978 0.49 376 28 20975 84 461 243 6.57 3.32 304 31 173 928 225 450 8.5 1 700 80 307949 80.51 
256 152 274 1.482 0.5 376 28 20816 55 335 152 9.42 3.68 333 56 293 929 225 450 9.5 4.5 550 90 1003200 223.9 
257 154 276 1.971 0.48 390 26.2 21500 42 334 345 6.77 1.59 522 33 186 930 225 450 9.75 3 600 100 759915 173.2 
258 153 272 0.993 0.51 396 36.4 22482 87 192 390 7.89 4.69 353 41 162 931 225 450 9 4 650 50 958890 184.5 
259 153 277 4.906 0.5 400 34.6 23107 19 231 352 8.17 1.52 569 14 68 932 225 450 6.5 5 700 50 1172278 184.5 
260 153 269 1.513 0.52 400 34.5 22424 59 145 239 2.68 3.89 551 90 288 933 225 450 7.5 1 550 50 240492 71.26 
261 153 264 2.568 0.53 400 32.3 21965 34 335 136 6.46 3.94 370 23 174 934 225 450 8.5 4.5 600 90 1082055 223.9 
262 153 269 3.528 0.52 400 34.5 22424 25 407 362 9.52 4.94 665 50 75 935 225 450 9.5 3 650 70 793273 185.6 
263 151 270 2.015 0.81 382 16.3 31884 49 461 315 6.62 4.39 303 89 235 936 225 450 9.75 4 700 80 1099934 218.6 
264 156 276 1.971 0.77 382 19.3 33128 58 153 123 3.03 4.04 706 15 167 937 225 450 9 5 550 90 1099299 223.9 
265 154 274 3.96 0.74 428 17.7 34615 30 407 226 8.51 4.01 582 26 107 938 225 450 6.5 1 600 100 266685 91.17 
266 154 270 5.022 0.76 429 17.7 34152 27 325 69 1.79 0.83 686 95 289 939 225 450 7.5 4.5 650 50 1047007 184.5 
267 153 273 1.557 0.73 424 16.2 33156 83 252 398 7.13 3.72 519 76 133 940 225 450 8.5 3 700 90 867202 223.9 
268 154 272 0.996 0.73 407 16.2 31803 128 397 137 7.03 4.55 372 64 360 941 225 450 9.5 4 550 100 912432 213.4 
269 152 287 2.362 0.7 417 16.8 34496 42 211 200 8.16 1.4 320 45 179 942 225 450 6 5 600 90 1183996 223.9 
270 152 274 1.489 0.78 382 19.9 32130 80 282 379 3.1 1.93 481 19 159 943 225 450 7 1 650 70 285579 90.66 
271 153 272 2.493 0.78 380 18 31562 44 432 284 9.37 2.18 366 63 358 944 225 450 6.5 4.5 700 80 1212701 218.6 
272 153 273 2.484 0.77 380 18 31685 46 148 316 1.45 3.42 468 37 45 945 225 450 5.5 3 550 90 696460 223.9 
273 154 273 2.487 0.78 382 19.3 32258 36 455 232 8.58 1.82 389 15 66 946 225 450 6.5 4 600 100 986460 228.7 
274 149 270 3.019 0.79 384 19.7 31370 32 368 148 7.42 3.93 703 62 86 947 225 450 5.5 5 650 50 1128070 184.5 
275 152 273 2.985 0.76 384 19.7 31582 33 393 439 3.82 3.58 505 44 82 948 225 450 6.5 1 700 50 302575 103.4 
276 153 269 2.019 0.76 423 25.3 34100 49 261 140 8.73 3.36 601 21 228 949 225 450 5.5 4.5 550 50 923120 184.5 
277 155 274 2.971 0.74 423 29.4 35006 39 459 131 5.39 4 576 23 306 950 225 450 6.5 3 600 90 754288 223.9 
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278 154 269 4.033 0.77 423 25.3 34731 34 318 335 3.51 1.88 297 87 236 951 225 450 5.5 4 650 70 1015388 212.6 
279 154 272 2.496 0.75 383 26.2 31429 42 453 303 1.64 1.61 618 82 132 952 225 450 6.5 5 700 80 1319974 218.6 
280 152 268 2.53 0.77 422 28.8 34076 45 449 244 3.41 4.95 486 45 31 953 225 450 5.5 1 550 90 244447 98.77 
281 154 267 5.079 0.76 422 26.5 33841 26 147 190 3.25 3.36 611 32 327 954 225 450 6.5 4.5 600 100 1094715 228.7 
282 154 269 1.007 0.76 422 25 34015 147 369 173 6.33 3.9 467 78 99 955 225 450 5.5 3 650 90 811202 223.9 
283 153 271 1.502 0.76 457 25 36964 72 228 166 7.84 0.73 284 67 340 956 225 450 6.5 4 700 100 1130056 228.7 
284 159 269 5.041 0.72 407 27.4 32632 28 66 320 5.31 1.49 651 70 93 957 225 450 5.5 5 550 50 1000436 184.5 
285 154 272 2.493 0.76 368 27 30560 43 305 304 8.03 3.25 302 60 196 958 225 450 6.5 1 600 90 266060 90.96 
286 153 273 2.484 0.76 368 27 30669 39 187 83 2.42 1.84 654 85 344 959 225 450 5.5 4.5 650 70 1118512 212.6 
287 152 274 1.489 0.78 486 25.5 40739 87 159 243 4.03 1.79 628 34 63 960 225 450 6.5 3 700 80 857916 218.6 
288 153 270 2.015 0.8 486 25.5 40946 61 305 128 2.65 2.28 433 91 302 961 225 450 5.5 4 550 90 904027 223.9 
289 152 272 2.496 0.77 383 26.2 31892 45 205 367 2.86 0.57 653 22 319 962 225 450 6.5 5 600 100 1199625 228.7 
290 152 271 3.007 0.78 384 26.4 32050 39 451 223 5.78 1.41 673 93 264 963 225 450 5.5 4.5 650 50 1047007 184.5 
291 152 275 3.953 0.77 384 26.4 32544 33 80 237 7.21 2.52 427 31 249 964 225 450 6.5 4.5 700 50 1103879 184.5 
292 153 272 1.996 0.77 377 34.3 31912 59 416 80 3.81 4.57 695 25 146 965 225 450 5.5 3 550 50 660869 184.5 
293 154 267 2.034 0.76 379 34.3 30809 62 380 447 1.12 0.92 289 60 121 966 225 450 6.5 4 600 90 976457 223.9 
294 156 273 2.484 0.75 378 35.4 32164 40 141 274 3.07 3.82 478 47 11 967 225 450 5.5 5 650 70 1216348 212.6 
295 152 272 2.493 0.78 378 35.4 32018 38 281 265 2.53 2.87 548 69 9 968 225 450 6.5 4.5 700 80 1212701 218.6 
296 156 271 4.004 0.73 412 33.8 33185 36 154 445 3.65 3.48 407 33 93 969 225 450 5.5 4.5 550 90 1003200 223.9 
297 151 278 4.878 0.73 412 33.9 33931 30 322 105 4.64 1.52 305 48 263 970 225 450 6.5 3 600 100 759915 228.7 
298 152 271 3.007 0.78 376 35.4 31829 40 377 113 3.22 1.31 545 46 23 971 225 450 5.5 4 650 50 958890 184.5 
299 154 274 2.974 0.76 379 35.4 32258 38 483 300 5.53 1.31 413 26 215 972 225 450 6.5 5 700 50 1172278 184.5 
300 154 274 0.993 0.76 381 36.4 32351 128 197 156 2.21 0.97 452 60 284 973 225 450 5.5 4.5 550 100 1013837 228.7 
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301 154 280 4.361 0.71 412 34.5 34440 33 307 421 9.39 4.6 378 22 138 974 225 450 5.5 4.5 600 90 1082055 223.9 
302 152 274 0.993 0.77 381 36.4 32338 128 297 224 1.28 1.93 456 57 355 975 225 450 5.5 4.5 650 100 1173711 228.7 
303 154 285 4.284 0.74 396 33.9 35432 32 226 374 9.11 2.69 547 45 345                   
304 152 272 2.996 1.86 330 20.3 61997 49 473 297 5.08 3.46 346 51 296                   
305 150 276 3.938 1.84 343 19.9 64434 39 358 130 6.37 2.29 611 36 289                   
306 156 271 4.004 1.79 346 15.4 61325 38 152 401 9.04 3.38 369 52 106                   
307 154 271 5.004 1.81 345 15.4 61053 32 187 356 3.48 4.05 284 31 204                   
308 156 272 2.993 1.78 346 16.3 62109 43 444 281 4.48 3.79 588 61 62                   
309 154 271 1 1.81 345 15.7 61235 201 441 342 2.95 4.55 406 20 222                   
310 154 271 6.007 1.81 345 17.7 62292 35 458 149 4.9 4.31 425 92 64                   
311 155 275 1.48 1.77 346 17.6 63500 143 496 70 2.7 3.52 531 12 96                   
312 153 276 5.406 1.79 346 18 63840 40 310 417 4.81 2.27 496 36 154                   
313 151 274 2.482 1.86 401 18.1 72816 50 205 384 1.5 4.29 305 51 303                   
314 154 271 2.509 1.81 417 18.5 73723 52 175 189 2.16 4.71 303 87 173                   
315 154 273 4.978 1.81 507 19.9 89139 39 261 326 5.43 4.96 396 26 197                   
316 154 273 1.993 1.81 419 17.4 74401 60 451 76 2.9 1.44 544 36 226                   
317 149 274 1.985 1.86 411 17.4 73122 77 216 77 5.74 1.86 690 63 327                   
318 152 271 1.502 1.88 396 26.9 74844 164 443 214 2.54 4.45 460 76 269                   
319 152 271 1.502 1.88 396 27.9 75134 182 440 123 7.1 1.69 468 72 241                   
320 152 271 2.004 1.88 396 24.5 74654 104 456 315 1.21 4.26 556 49 228                   
321 152 271 2.004 1.88 396 27 74874 78 436 219 7.5 4.45 334 39 308                   
322 152 271 2.502 1.88 396 29.8 75628 51 424 71 9.34 1.87 442 24 248                   
323 152 271 2.502 1.88 396 29.2 75479 54 412 249 3.24 4.33 442 81 261                   
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324 152 271 4.506 1.88 350 24.5 66845 43 357 93 2.52 4.73 582 55 70                   
325 152 271 4.506 1.88 350 25.2 66565 46 358 182 1.7 4.38 675 63 239                   
326 152 271 6.007 1.88 350 24 66708 39 402 281 7.06 4.93 582 79 52                   
327 152 271 6.007 1.88 350 24.3 66791 40 387 216 2.76 4.13 607 33 265                   
328 152 271 5.255 1.88 350 27.6 67154 45 98 112 5.16 4.67 560 30 86                   
329 152 271 5.255 1.88 350 27.6 67154 43 184 400 5.83 4.83 347 66 145                   
330 155 270 3.53 1.82 491 26.1 88546 45 250 318 2.61 3.58 639 72 354                   
331 153 273 3.491 1.82 491 26.1 89505 52 417 68 1.43 2.63 640 58 112                   
332 154 272 1.996 1.79 390 33.9 73482 65 405 315 9.31 3.19 491 75 354                   
333 155 269 5.041 1.79 386 33.9 71959 49 465 208 3.62 0.42 451 86 119                   
334 154 270 1.004 1.8 394 35.4 73830 260 89 106 7.89 2.98 639 65 50                   
335 154 271 1.502 1.79 394 35.1 74077 163 182 67 6.41 4.3 438 75 208                   
336 155 272 3.989 1.77 394 35.1 74409 55 249 210 7.59 1.42 349 79 137                   
337 154 271 6.007 1.79 386 32.5 72260 40 359 438 2.51 1.59 375 43 153                   
338 153 277 1.96 1.76 384 33.1 73706 93 425 468 1.04 4.6 595 16 280                   
339 154 275 2.964 1.8 496 34 94007 53 220 225 4.15 2.84 574 84 83                   
340 154 272 5.485 1.83 347 35.8 67842 48 55 246 3.66 3.65 629 20 258                   
341 153 278 2.439 1.81 352 34.6 70182 57 423 81 1.61 3.13 517 50 34                   
342 154 278 2.928 1.79 352 34.6 70214 51 384 171 3.81 3.02 568 83 255                   
343 153 275 3.945 1.83 352 34.6 69371 47 321 206 4.88 0.99 588 38 171                   
344 154 269 5.052 1.84 380 39.6 72823 51 467 264 6.57 1.75 312 43 242                   
345 150 274 2.478 1.84 410 36 78417 53 192 374 4.29 4.93 538 71 276                   
346 152 273 1.993 1.83 410 36 78762 77 319 81 6.73 4.89 546 54 168                   
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347 153 274 5.942 2.77 343 27.5 95697 51 58 257 6.33 3.91 456 98 322                   
348 155 271 8.007 2.77 343 27.5 94676 40 319 470 6.68 2.25 678 98 312                   
349 156 271 3.004 2.75 343 27.4 94714 65 221 192 5.78 0.74 620 30 327                   
350 151 271 4.004 2.84 342 27.4 94038 55 431 266 5.47 3.46 400 91 250                   
351 154 274 0.993 2.68 381 25.5 101017 234 328 458 1.81 2.96 463 39 73                   
352 154 270 1.007 2.72 366 27.2 96984 240 427 111 8.14 4.54 622 32 179                   
353 153 266 1.019 2.81 401 31.4 106144 360 159 345 6.95 1.71 349 30 54                   
354 154 269 6.052 2.71 364 27.4 95791 51 108 387 4.83 1.68 527 38 14                   
355 152 270 7.033 2.74 369 27.4 97132 46 342 435 5.62 1.4 476 17 245                   
356 155 273 6.458 2.65 372 30.3 100722 54 192 353 7.64 0.67 483 74 282                   
357 153 273 1.989 2.78 352 25.3 96214 111 368 388 4.78 4.78 629 12 177                   
358 153 275 2.465 2.76 338 25.3 93763 73 261 210 2.1 1.32 672 51 235                   
359 153 275 3.945 2.76 335 25.3 93056 56 125 455 9.45 2.85 510 42 57                   
360 152 276 2.953 2.69 366 27.2 99272 62 231 368 6.03 3.72 694 17 268                   
361 153 275 2.473 2.68 366 26.2 98403 76 349 365 9.24 4.79 523 80 62                   
362 152 272 2.5 2.73 366 26.2 97063 77 365 115 4.93 1.38 470 14 154                   
363 154 270 2.015 2.73 366 27.2 97495 112 296 297 5.15 0.86 436 85 106                   
364 155 274 0.993 2.64 381 35.2 105143 254 310 167 3.09 1.43 692 17 239                   
365 154 273 5.963 2.67 376 33.9 102984 50 338 231 7.9 1.15 406 16 357                   
366 152 268 1.011 2.76 369 34.8 99362 357 249 156 4.71 3.42 635 85 292                   
367 152 275 1.975 2.69 369 34.8 102263 147 166 435 5.87 4.12 455 95 181                   
368 153 275 1.978 2.67 381 35.2 105413 125 309 74 2.25 3.26 449 76 351                   
369 152 270 2.519 2.74 381 35.2 103193 100 307 128 4.05 3.82 380 52 166                   
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370 153 275 6.905 2.67 370 34.5 102488 48 444 462 6.82 4.9 683 32 263                   
371 157 275 4.44 2.68 379 35.7 108053 60 489 288 6.88 3.65 345 47 114                   
372 153 273 6.956 2.77 379 35.7 106855 54 369 347 7.72 3.89 544 72 49                   
373 154 272 2.496 2.68 381 35.2 104209 79 357 220 1.43 4.07 538 62 351                   
374 153 270 3.019 2.73 381 35.2 103760 57 206 387 7.32 3.4 569 26 240                   
375 155 273 2.985 2.67 381 35.2 105210 60 69 241 8.57 2.53 472 45 211                   
376 154 276 4.431 2.66 381 36.7 106904 57 79 231 6.75 4.43 582 76 332                   
377 153 272 2.5 2.71 412 36 112352 82 294 232 3.33 4.11 552 55 332                   
378 154 274 2.478 2.68 412 36 113375 66 392 296 3.65 2.75 559 22 334                   
379 152 274 6.449 2.71 370 36.4 103078 56 156 468 3.69 3.13 440 85 42                   
380 152 140 3.707 2.58 387 26.4 25682 32 158 268 9.94 1.62 425 28 18                   
381 152 141 2.411 2.62 381 27.2 26184 51 167 313 6.63 3.62 286 84 222                   
382 151 137 5.934 2.75 392 28 26307 29 165 438 1.89 1.29 307 91 249                   
383 152 137 5.934 2.73 392 28 26334 30 452 291 7.13 0.8 558 97 165                   
384 151 133 2.045 2.87 392 25.5 25333 65 193 295 4.63 1.48 625 99 80                   
385 151 136 2 2.81 392 25.5 26011 69 292 253 7.32 3.46 317 15 78                   
386 151 132 5.136 2.89 392 24.8 25302 28 405 146 8.87 1.69 585 22 55                   
387 151 133 5.098 2.87 392 24.8 25529 27 456 190 6.5 4.85 473 96 78                   
388 152 138 3.942 2.75 392 24.8 26690 29 129 118 2.64 2.17 317 41 358                   
389 151 132 1.03 2.89 392 26.7 25318 155 421 461 1.17 4.48 669 14 35                   
390 151 136 1 2.81 392 26.7 26222 158 426 391 2.24 4.77 598 81 354                   
391 150 135 3.007 2.8 392 25.1 25352 33 200 291 9.25 4.75 526 93 350                   
392 153 137 3.474 2.68 403 27.2 26579 28 98 82 6.96 4.88 462 68 109                   
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393 153 139 5.374 2.61 375 26.4 25094 32 268 153 7.87 0.6 326 35 170                   
394 152 138 3.449 2.67 416 27.2 27493 29 184 294 7.14 2.58 614 47 175                   
395 154 140 2.664 2.63 392 26.6 26843 50 431 344 1.14 1.52 297 60 183                   
396 155 139 2.928 2.64 392 26.8 26680 39 71 458 5.07 2.29 523 20 337                   
422 170 270 3 1.87 477 52 103768 71 257 173 3.26 1.6 374 100 279                   
423 170 270 3 1.87 477 52 103768 72 194 271 2.42 3.53 484 55 319                   
424 170 272 3 1.01 477 52 58650 58 484 399 8.5 1.1 567 87 11                   
425 170 272 3 1.01 477 52 58650 56 136 304 1.87 2.73 524 56 335                   
426 170 267 3 3.35 477 52 171747 78 163 412 9.05 4.47 403 50 339                   
427 170 267 3 3.35 477 52 171747 79 446 169 3.29 1.26 319 43 126                   
428 170 255 3 4.68 477 52 207716 90 264 329 3.44 1.93 330 82 239                   
429 170 255 3 4.68 477 52 207716 95 353 89 3.54 3.24 650 70 315                   
430 170 270 4.5 1.87 477 52 103768 67 254 476 8.8 1.69 656 71 135                   
431 170 270 4.5 1.87 477 52 103768 64 321 136 5.99 3.07 328 46 96                   
432 170 270 6 1.87 477 52 103768 59 313 221 5.42 4.74 430 48 76                   
433 170 270 6 1.87 477 52 103768 61 419 258 5.23 2.31 690 39 265                   
434 170 142 3 1.87 477 52 28685 41 385 211 2.26 3.63 493 85 207                   
435 170 142 3 1.87 477 52 28685 39 491 179 3.9 3.12 328 43 218                   
440 203 390 2.182 2.07 401 30.6 230876 110 84 444 2.75 2.3 543 32 145                   
441 203 390 2.182 3.1 401 29.9 326920 170 206 116 5.22 3.55 583 65 88                   
442 152 314 2.71 3.43 401 30.2 172292 74 80 477 1.4 4.32 608 65 28                   
443 152 238 3.576 4.52 401 30.1 122356 64 426 360 9.4 0.44 622 39 314                   
444 152 316 2.693 2.68 478 19.3 151565 63 86 408 5.13 4.51 546 79 270                   
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445 152 316 2.693 2.68 478 19.9 152865 72 142 96 7.47 3.46 455 16 226                   
446 152 316 2.693 2.68 478 22.6 157864 73 240 455 5.67 4.83 593 88 9                   
447 152 316 2.693 2.68 478 22.1 157030 60 302 240 3.84 0.76 443 55 240                   
448 152 319 2.668 0.8 408 19.9 47621 48 384 217 8.13 3.28 366 96 42                   
449 152 243 3.502 1.05 408 20.7 35727 35 162 211 4.53 0.45 663 73 276                   
450 152 316 2.693 1.34 478 20.1 87055 46 397 122 7.06 2.5 398 72 282                   
451 152 316 2.693 1.34 478 20.7 87356 52 471 460 2.07 2.41 432 17 10                   
452 152 240 3.546 1.77 478 22.2 64605 42 155 142 8.8 4.14 506 82 24                   
453 152 243 3.502 2.1 408 22 66944 44 198 262 9.08 4.01 311 57 135                   
454 152 316 2.693 2.69 478 19.8 152740 82 178 193 1.37 2.77 666 61 182                   
455 152 240 3.546 3.54 478 20.6 107512 46 211 394 8.62 3.99 453 28 234                   
456 152 238 3.576 4.53 368 21 105519 51 311 256 8.63 0.69 608 98 89                   
458 152 256 4.516 0.99 386 21.9 36007 33 324 189 8.6 3.72 693 31 83                   
459 152 254 4.551 1.32 401 23 47871 38 133 83 9.19 0.62 461 52 350                   
460 152 256 4.516 1.99 386 20.8 67222 44 357 297 5.91 1.25 350 96 341                   
461 152 254 4.551 2.64 401 16.5 81539 38 133 447 3.98 3.39 471 55 246                   
462 152 253 4.569 3.35 378 18.3 94874 42 145 459 2.52 4.9 351 61 78                   
463 152 250 4.624 4.31 368 22.8 115748 53 116 220 2.89 3.43 620 57 138                   
464 152 256 5.707 0.99 386 19 35666 27 272 150 3.59 3.23 444 42 13                   
465 152 254 5.752 1.32 401 20.8 47451 30 214 194 5.75 4.57 633 56 304                   
466 152 256 5.707 1.99 386 20.5 67083 36 72 339 3.62 0.54 584 35 142                   
467 152 254 5.752 2.64 401 20.6 85947 40 300 87 1.38 4.13 699 17 251                   
468 152 253 5.775 3.35 378 20.3 97682 44 473 266 5.45 4.24 410 30 330                   
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469 152 250 5.844 4.31 368 20.6 112016 44 110 84 7.25 2.67 303 61 50                   
470 152 256 7.145 1.99 386 18.8 66215 38 216 452 2.89 2.66 389 92 151                   
471 152 254 7.201 2.64 401 21.2 86450 42 340 396 7.87 4.76 386 18 253                   
472 152 253 7.229 3.35 378 19.5 96628 40 51 159 7.89 3.31 477 67 301                   
473 152 250 7.316 4.31 368 19.1 108978 42 399 101 5.82 2.31 587 33 240                   
474 152 256 8.336 1.99 386 22.4 67897 32 206 156 4.43 0.42 603 29 336                   
475 152 254 8.402 2.64 401 21 86285 37 228 359 4.46 3 586 29 129                   
476 152 253 8.435 3.35 378 21.9 99558 42 326 420 8.9 1.8 299 48 274                   
477 152 250 8.536 4.31 368 21.4 113462 40 436 129 8.89 4.92 609 71 92                   
478 152 256 9.523 1.99 386 22.2 67818 28 489 155 7.44 4.3 479 34 254                   
479 152 254 9.598 2.64 401 22.2 87226 32 310 370 3.38 0.86 620 58 212                   
480 152 253 9.636 3.35 378 22.8 100498 40 417 388 6.3 4.79 523 55 340                   
481 152 250 9.752 4.31 368 21.4 113462 35 173 349 2.54 4.87 647 58 349                   
482 152 253 3.613 3.35 378 34.5 107041 51 333 136 1.58 2.36 548 63 294                   
483 152 256 3.57 1.99 386 34.6 70537 56 121 139 6.41 3.43 371 85 264                   
484 152 254 3.598 2.62 401 29.1 89814 58 170 244 9.53 3.99 362 75 337                   
485 152 253 3.613 3.35 378 32.8 106156 57 243 244 4.86 0.84 324 23 242                   
486 152 250 3.656 4.3 368 34.4 125492 60 420 363 3.27 1.86 478 23 342                   
487 152 256 4.762 1.99 386 31.9 70036 53 69 191 7.12 3.29 360 57 324                   
488 152 254 4.799 2.62 401 30.5 90412 54 381 150 5.56 3.15 407 47 335                   
489 152 253 4.818 3.35 378 32.8 106156 54 84 298 8.01 4.06 689 37 41                   
490 152 250 4.876 4.3 368 34.1 125280 59 399 296 1.55 3.91 645 88 250                   
491 152 254 6 2.62 401 38.4 92954 52 332 288 5.66 0.93 608 49 151                   
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492 152 253 6.024 3.35 378 37.4 108186 57 461 366 5.14 0.76 602 83 227                   
493 152 250 6.096 4.3 368 38.4 127989 63 212 201 8.01 1.4 635 94 24                   
494 152 254 7.201 2.62 401 36.8 92529 52 419 105 9.14 3.89 607 94 98                   
495 152 253 7.229 3.35 378 37.4 108186 53 480 103 9.46 2.32 590 17 47                   
496 152 250 7.316 4.3 368 33.8 125065 49 175 171 2.62 4.07 304 54 149                   
511 203 483 3.155 1.55 401 16.8 258086 85 344 374 3.06 4.42 560 87 117                   
512 152 250 7.06 4.31 366 36.3 126375 53 203 195 8.24 1.84 581 43 222                   
513 152 250 7.06 4.31 366 36.3 126375 53 327 428 1.94 0.81 536 49 281                   
514 152 254 5.752 2.62 369 35.7 85660 48 218 431 3.84 1.55 579 73 314                   
515 152 254 5.752 2.62 368 39 86203 52 490 403 4.09 1.21 386 41 299                   
516 254 456 3.871 2.23 367 38.3 398301 147 90 422 1.09 3.96 554 65 29                   
517 254 456 3.871 2.23 366 38.3 397306 133 140 238 9.7 3.22 654 81 348                   
518 140 200 2.5 0.36 502 19.8 9831 20 164 452 6.18 3.07 445 79 50                   
519 140 200 2.5 0.56 504 19.6 15065 26 134 139 5.59 0.7 556 66 176                   
520 140 200 2.5 0.81 497 19.1 20892 30 328 181 4.75 4.51 553 97 75                   
521 140 200 2.5 1.1 492 18.9 27414 43 222 96 9.25 2.56 678 69 202                   
522 140 200 2.5 1.82 507 18.4 42995 54 241 277 4.06 2.14 339 51 238                   
523 140 200 2.5 0.81 497 21.7 21080 43 261 209 9.53 3.71 513 51 93                   
524 140 200 2.5 1.1 492 19.9 27560 40 376 111 4.99 4.09 674 94 233                   
525 152 269 4.814 2.09 284 26.9 60160 42 388 258 3.59 3.12 323 49 164                   
526 152 265 4.887 2.51 410 32.3 97439 53 297 365 5.61 3.33 588 58 46                   
527 152 263 4.924 3.21 309 30.8 92221 56 398 75 4.44 4.26 447 42 63                   
528 152 262 4.943 3.97 315 29.9 111033 50 138 468 8.08 0.89 426 31 274                   
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529 152 267 4.85 1.91 328 14.8 58360 34 56 347 4.19 2.97 622 83 206                   
530 152 262 4.943 3.97 304 26.2 105289 50 487 76 6.57 1.92 300 15 68                   
531 190 270 3 2.07 465 28.4 117152 62 259 330 9.07 4.03 425 53 306                   
532 190 270 3 2.07 465 28.4 117152 78 461 354 6.6 2.83 477 20 92                   
533 190 270 4.074 2.07 465 28.4 117152 62 139 432 7.63 4.77 339 43 51                   
534 190 270 4.074 2.07 465 28.4 117152 70 55 100 7.83 2.72 471 86 183                   
535 190 278 4.856 2.01 465 29.7 121796 64 470 426 4.39 3.76 698 95 159                   
536 190 278 4.856 2.01 465 29.7 121796 70 77 344 5.29 1.85 502 99 59                   
537 190 278 5.827 2.01 465 29.8 121846 67 492 108 6.28 1.56 364 83 12                   
538 190 274 5.912 2.04 465 29.8 119871 67 192 274 8.04 3.2 395 54 81                   
539 190 273 7 2.05 465 30.6 119770 60 147 226 2.27 2.43 464 87 236                   
540 190 273 7 2.05 465 31.5 120188 60 260 239 2.25 1.63 703 94 183                   
541 190 272 8 2.05 465 28.9 118414 52 102 191 7.44 2.19 402 51 270                   
542 190 272 8 2.05 465 28.9 118414 56 95 471 4.46 2.33 516 14 180                   
543 50 70 3 1.63 451 35.8 1666 7 218 262 2.98 4.68 427 86 332                   
544 50 70 3 1.63 451 35.8 1666 7 438 470 1.41 3.28 388 86 340                   
545 100 140 3 1.61 427 35.9 12575 22 402 137 1.72 4.85 366 86 136                   
546 100 140 3 1.61 427 35.9 12575 24 418 341 6.54 3.13 695 93 142                   
547 150 210 3 1.62 413 37.1 41278 47 481 129 8.54 1.97 376 37 331                   
548 150 210 3 1.62 413 37.1 41278 44 452 380 2.83 2.35 466 61 145                   
549 200 280 3 1.68 439 34 106325 76 223 240 8.98 0.51 675 55 168                   
550 200 280 3 1.68 439 34 106325 73 77 91 8.57 2.97 600 47 58                   
551 100 150 3 1.33 425 37.7 12001 22 340 463 6.8 1.42 650 22 133                   
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552 150 300 3 1.34 425 37.7 72686 66 315 460 2.37 2.38 468 89 264                   
553 200 450 3 1.34 425 37.7 218057 104 57 474 4.75 4.9 478 74 322                   
555 203 403 3.782 2.55 505 29.2 357043 88 74 198 4.72 2.64 678 95 339                   
556 203 403 3.782 2.55 505 25.2 346602 81 196 233 1.67 3.13 288 87 140                   
557 203 403 3.782 0.93 690 23.5 192800 63 55 435 4.82 3.99 601 94 113                   
558 203 403 3.782 0.93 690 25.6 193100 66 155 150 9.91 3.94 573 84 263                   
559 203 403 2.836 0.85 707 26.1 182440 71 348 225 2.72 2.98 580 32 211                   
560 203 403 2.836 0.85 707 25.8 182251 62 202 454 4.52 0.77 689 21 231                   
561 203 403 2.836 0.85 707 30.6 184813 75 390 454 5.68 3.53 483 54 331                   
562 203 403 3.782 0.47 696 26.3 102667 54 367 426 7.58 3.69 598 26 335                   
563 203 403 3.782 0.47 696 25.8 102576 50 194 153 7.68 3.33 534 80 317                   
564 178 262 2.958 2.16 310 30.4 75330 60 262 444 5.67 2.7 305 62 121                   
565 178 267 2.903 2.13 310 31 77433 67 315 384 7.95 1.26 317 68 283                   
566 178 268 2.892 2.22 310 31 81113 76 229 381 9.56 3.92 656 39 276                   
567 178 270 2.87 2.37 310 31.5 87422 71 162 439 8.48 4.9 456 17 357                   
568 178 267 2.903 1.6 310 21.2 58002 56 237 124 7.67 3.61 555 81 103                   
569 178 268 2.892 1.63 310 21.6 59453 60 252 191 8.22 3.63 402 34 162                   
570 178 270 2.87 1.6 310 19.2 58753 56 237 176 4.55 1.2 485 54 165                   
571 178 272 2.849 1.64 310 16.8 60062 56 270 211 2.59 4.37 596 33 98                   
572 152 268 3.41 1.9 310 36.7 60726 58 463 267 2.7 1.25 498 22 69                   
573 152 268 3.41 1.9 310 16.7 56871 36 176 347 2.78 1.04 344 79 221                   
574 152 268 3.41 1.9 310 25.8 59194 52 52 206 3.63 2.46 400 17 312                   
575 152 268 3.41 1.9 310 15.4 56229 40 340 434 2.27 4.91 623 98 291                   
Appendix-D1 
Experimental Database LHS Sample Number CFP Calculation for Required Numbers 
Sr. 
No 
b d av/d ρl fyl fc Mf Vu b d av/d ρl fyl fc Vu 
Sr. 
No 
b d av/d ρl fyl fc Mf Vu 
  
mm mm   % Mpa Mpa 
  KN-
mm 
KN mm mm 0 % Mpa Mpa KN 
  
mm mm 0 % Mpa Mpa 
KN-
mm 
KN 
 
375 
576 152 268 3.41 1.9 310 30.7 60021 52 63 421 2.97 2.66 640 51 106                   
577 152 268 3.41 1.9 310 15.8 56438 34 344 475 8.17 1.72 550 22 124                   
578 152 268 3.41 1.9 310 30.9 60049 51 101 80 1.06 1.79 341 85 339                   
579 152 268 3.41 1.9 310 12.2 54068 31 295 77 9.16 0.89 417 63 224                   
580 152 268 3.41 1.9 310 41.2 61117 53 314 431 4.14 1.77 438 71 187                   
581 152 268 3.41 1.9 310 23.9 59160 49 402 288 8.06 0.69 647 50 87                   
582 152 268 3.41 1.9 310 38.1 60857 60 443 209 7.81 4.95 673 27 308                   
583 152 268 3.41 1.9 310 20.2 58188 47 361 362 6.94 1.23 336 66 189                   
584 152 268 3.41 1.9 310 37.8 60830 56 173 168 8.22 4.84 529 45 335                   
585 152 268 3.41 1.9 310 22.6 58855 43 148 250 5.44 2.63 500 15 82                   
586 152 268 3.41 1.9 310 37.4 60793 51 188 304 1.44 1.99 512 27 221                   
587 152 268 3.41 1.9 310 16.3 56684 38 496 371 6.45 1.53 488 28 277                   
588 305 368 3.003 1.89 378 34.8 273344 156 121 168 4.74 3.71 592 16 332                   
589 305 368 4.106 1.89 471 14.7 293535 100 85 107 4.54 2.23 609 84 332                   
590 305 375 4.029 2.45 330 25 306763 138 153 179 3.57 0.91 326 41 33                   
591 305 368 4.106 1.89 441 27.2 306609 122 481 313 6.39 2.04 322 35 288                   
592 305 368 4.106 1.27 429 28.4 209520 109 330 91 2.27 1.38 451 28 22                   
593 305 356 4.244 3.9 439 39.9 559182 178 183 376 1.72 2.74 552 40 240                   
594 305 372 4.062 1.87 466 45.7 342269 137 172 260 3.24 3.14 453 71 21                   
595 305 365 5.115 1.91 462 16.3 293391 89 399 84 7.43 0.96 424 97 239                   
596 305 368 5.073 2.5 436 27.2 385326 132 379 371 2.83 1.74 328 89 338                   
597 305 356 5.244 3.9 435 45 565951 178 197 378 8.72 1.2 670 75 144                   
598 305 364 6.107 1.91 465 27.2 317181 111 285 95 5.46 4.95 478 26 164                   
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599 305 365 8.107 1.91 469 32.6 327456 104 219 454 4.5 4.56 525 21 40                   
600 152 299 3.482 3.34 414 20.8 146404 64 394 358 3.67 2.5 445 60 289                   
601 152 299 3.482 3.34 414 27.1 153763 67 420 236 6.55 1.06 470 13 82                   
602 152 299 3.482 3.34 414 37.7 163183 82 127 398 3.44 3.78 611 97 237                   
603 152 299 3.482 3.34 414 41.6 165423 83 155 217 2.01 1.43 663 24 17                   
604 152 299 3.482 3.34 414 74.9 174613 89 79 149 9.5 2.07 703 53 65                   
605 152 299 3.482 3.34 414 74.7 174583 89 451 273 8.76 1.66 682 14 109                   
606 152 299 3.482 3.34 414 81.4 175516 93 418 211 2.23 0.88 570 23 284                   
607 152 299 3.482 3.34 414 93.7 176925 100 455 150 6.2 1.47 377 86 355                   
608 152 299 3.482 3.34 414 91.9 176739 98 280 385 6.3 4.05 565 69 286                   
609 152 299 2.411 3.34 414 21.1 146998 78 413 232 1.37 4.8 444 95 171                   
610 152 299 2.411 3.34 414 46.3 167620 118 97 436 3.25 4.29 286 61 322                   
611 152 299 2.411 3.34 414 81.3 175503 111 455 267 1.17 1.7 432 61 59                   
612 152 299 2.411 3.34 414 85.9 176072 178 480 133 7.9 4.41 478 71 38                   
613 152 299 2.411 3.34 414 71.2 174038 206 249 98 9.13 3.98 609 20 242                   
621 300 450 2.918 0.81 486 37 230466 130 152 275 6.54 2.91 393 56 194                   
622 300 450 2.918 0.81 486 99 235805 130 360 367 5.5 2.86 330 37 359                   
623 300 225 2.951 0.89 437 37 57031 72.5 419 210 4.87 4.59 342 42 250                   
624 300 225 2.951 0.89 437 99 58338 84 347 100 1.21 2.67 454 27 189                   
625 152 265 3.838 1.73 665 23.7 102950 40 405 270 5.56 4.65 429 77 267                   
626 154 259 3.923 1.42 665 36.5 88670 36 270 76 6.39 4.23 319 32 119                   
627 154 265 3.834 0.98 665 33.1 65499 37 92 401 1.05 1.56 523 64 38                   
628 152 267 4.187 0.81 524 29 43615 31 217 437 7.65 3.46 584 95 159                   
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629 152 268 4.172 0.63 524 33.1 34925 28 454 359 4.01 3.6 439 23 266                   
640 500 226 2.487 0.78 501 25.8 94958 118 324 317 1.32 1.23 582 14 32                   
641 500 225 2.498 1.39 441 24.6 142709 140 475 307 3.96 0.48 443 90 337                   
642 500 226 3.5 0.78 501 25.8 94958 102 274 353 7.31 0.54 687 55 139                   
644 150 165 4 2.44 550 85.1 51294 46 306 193 5.22 2.35 285 34 25                   
645 150 165 2.97 3.81 550 84.5 77072 60 51 445 9.99 3.93 619 90 178                   
646 150 165 3.879 3.81 550 84.5 77072 58 135 315 2.05 3.66 449 97 22                   
647 90 111 3.604 2.65 481 23 11532 15 281 360 6.36 1.9 560 61 264                   
648 120 199 3.829 2.65 407 23 43308 30 97 355 7.29 2.36 403 89 174                   
649 180 262 3.718 2.64 412 24.2 114332 55 438 439 1.44 4.08 695 14 38                   
650 102 172 2.581 1.44 414 54.8 17293 27 324 235 5.85 0.59 679 17 284                   
651 102 172 3.616 1.44 414 53 17270 22 83 365 7.41 3.45 314 18 68                   
652 102 172 2.581 1.44 414 68.1 17411 30 87 418 9.24 4.31 670 13 311                   
653 102 172 3.616 1.44 414 70.1 17425 20 179 483 4.76 3.49 566 39 205                   
654 200 372 3 0.81 500 80.6 109935 83 222 364 8.62 4.48 484 38 51                   
655 200 368 3 2 500 84.5 258278 125 346 253 9.34 1.45 602 67 111                   
656 200 368 4 2 500 84.5 258278 110 79 119 4.77 1.35 477 94 185                   
657 200 366 3 3.36 500 83.9 414858 121 444 465 7.42 2.3 376 61 145                   
658 200 366 4 3.36 500 83.9 414858 108 171 105 6.74 4.64 486 52 333                   
659 200 362 3 1.94 500 96.8 244291 121 209 428 3.48 4.11 312 52 275                   
660 200 362 4 1.94 500 96.8 244291 121 125 135 2.28 1.43 645 31 351                   
661 305 233 2.918 1.2 431 66.1 83298 130 321 148 6.87 3.37 530 47 61                   
665 203 235 2.894 1.25 483 68.6 65157 57 163 99 1.34 1.14 588 17 355                   
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669 203 370 3.022 1.03 350 28.9 95988 62 124 426 1.42 4.38 453 44 166                   
670 203 370 3.022 1.55 350 33.2 141882 92 355 272 8.15 1.79 692 23 318                   
671 203 370 2.47 1.03 350 30 96150 81 251 314 3.09 4.12 680 89 152                   
672 203 370 3.022 1.03 350 28.9 95988 76 59 410 4.46 3.17 570 28 140                   
673 203 370 3.022 1.55 350 33.2 141882 101 253 243 1.73 3.44 665 14 96                   
674 203 370 3.022 1.03 350 31.6 96363 76 351 230 4.58 0.76 635 80 251                   
675 203 370 2.47 1.03 350 30 96150 81 221 393 3.68 1.14 550 20 36                   
676 203 370 3.5 1.03 350 27.8 95814 78 338 266 3.31 2.1 690 40 84                   
679 200 465 3.011 1.35 420 27.2 227162 104 160 70 6.53 1.02 406 36 324                   
680 200 465 3.011 1.35 420 24.9 226836 87 314 278 7.74 4.01 435 40 261                   
681 200 465 3.011 1.35 420 32.1 229898 85 278 193 9.67 4.7 633 30 40                   
682 100 232 3 1.35 420 25.6 28085 23 187 311 5.75 1.88 681 53 321                   
683 100 232 3 1.35 420 25.6 28085 24 62 468 4.19 2.54 535 34 81                   
684 100 232 3 1.35 420 27.5 28250 28 353 361 7.49 2.62 511 56 324                   
685 100 232 3 1.35 420 20.8 27729 23 123 148 5.34 3.82 621 20 89                   
686 100 232 3 1.35 420 22.4 27927 27 167 338 7.79 1.08 338 89 126                   
687 100 232 3 1.35 420 28.8 28350 28 71 448 7.32 1.21 453 25 87                   
688 60 139 3 1.35 420 32 6176 12 486 269 4.15 4.92 697 85 31                   
689 60 139 3 1.35 420 32 6176 12 339 330 1.98 2.82 326 33 298                   
690 60 139 3 1.35 420 32 6176 11 202 174 2.25 0.66 515 60 353                   
691 60 139 3 1.35 420 32 6176 11 373 264 8.11 2.89 682 47 66                   
692 150 221 3 1.82 500 54 62501 58 396 147 6.41 1.09 662 68 193                   
693 150 207 4 3.24 500 54 92544 70 180 142 2.01 2.54 284 65 322                   
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694 150 207 3 3.24 500 54 92544 83 219 404 7.69 3 340 36 329                   
695 150 221 3 1.82 500 77.8 63579 68 234 431 1.3 4.89 446 16 319                   
696 150 207 4 3.24 500 77.8 95538 78 203 140 4.43 2.68 696 23 301                   
697 150 207 3 3.24 500 77.8 95538 83 479 216 8.51 0.97 570 46 17                   
698 150 207 4 3.24 500 58 93291 68 343 476 2.56 0.82 510 15 259                   
699 150 207 3 3.24 500 58 93291 83 297 108 4.1 3.69 665 44 149                   
700 150 207 4 3.24 500 86.4 96248 86 392 268 5.08 4.39 465 32 59                   
701 150 207 3 3.24 500 86.4 96248 107 178 255 7.74 5 569 21 274                   
702 150 221 3 1.82 500 97.7 64110 56 115 230 9.64 3.54 516 80 103                   
703 150 207 4 3.24 500 97.7 97014 77 373 165 7.9 2.56 462 91 219                   
704 150 207 3 3.24 500 97.7 97014 78 171 125 6.75 1.19 675 27 250                   
705 300 442 3 1.82 500 77.8 508832 180 438 323 4.3 1.9 683 63 129                   
706 300 414 4 3.24 500 77.8 764478 229 123 448 1.13 0.8 579 36 222                   
707 300 414 3 3.24 500 77.8 764478 281 438 176 8.14 1.52 486 18 318                   
708 457 360 3.281 0.96 524 40.9 285266 177 235 344 3.19 4.22 469 74 15                   
709 457 360 3.281 1.92 524 41.4 544600 200 335 132 2.02 0.57 605 73 177                   
710 457 360 3.281 0.36 545 43.7 114633 132 137 328 5.75 3.4 320 52 181                   
711 200 125 3 0.83 440 24.1 10811 30 273 137 8.57 2.25 357 51 245                   
712 200 420 3 0.74 440 24.1 109766 71 280 409 2.7 1.64 519 44 290                   
714 127 216 2.926 2.08 421 38.5 47574 37 105 429 5.71 0.99 291 47 55                   
715 127 216 2.926 2.08 421 100 49984 46 341 115 8.95 3.47 462 86 265                   
716 127 216 1 0.94 324 33.79 17470 105.9 298 465 2.12 2.87 608 63 170                   
717 127 216 2 0.94 324 44.83 17609 33.38 66 196 4.28 4.23 363 68 165                   
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718 127 216 3 0.94 324 40.34 17562 22.65 481 176 9.12 2.85 516 93 20                   
719 127 216 1 2.07 324 100 38597 188.6 62 300 1.82 2.9 601 79 265                   
720 127 216 2 2.07 324 76 38316 85.44 415 324 9.68 4.41 302 12 266                   
721 127 216 3 2.07 324 100 38597 43.41 200 74 9.64 2.06 647 20 251                   
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100 113 1 0.21 310 22.1 0.1 224 11996 27 100 117 1 0.25 312 22 0.1 224 29 316 100 200 4.25 0.5 325 50 1.25 300 15428 10.738 
Max 
305 466.1 6 4.84 555 100 2.24 541 716896 475 305 467 6 4.83 555 100 2.24 554 474 399 150 300 6 5 525 100 2.5 525 324198 250.63 
1 
127 216 1 2.07 421 30.55 0.5 324 46364 150 157 202 3 4.52 522 90 1.38 483 401 316 100 200 4.5 2.5 525 50 2 300 48277 53.641 
2 
127 216 2 2.07 421 38.97 0.5 324 47417 84 188 289 2 0.4 555 82 0.39 369 157 317 125 250 4.5 2.5 525 50 2 300 94290 83.813 
3 
127 216 3 2.07 421 44.62 0.5 324 48034 63 158 213 4 1.66 477 92 1.85 482 400 318 150 300 4.5 2.5 525 50 2 300 162935 120.69 
4 
127 198 1 4.51 421 82.34 0.51 324 85983 277 105 199 5 3.64 425 93 0.26 501 439 319 100 200 5 2.5 525 50 2 300 48277 48.277 
5 
127 198 2 4.51 421 85.79 0.51 324 86295 135 217 372 2 1.43 352 85 0.48 423 191 320 100 200 6 2.5 525 50 2 300 48277 40.231 
6 
127 198 3 4.51 421 89.31 0.51 324 86600 92 118 399 2 2.62 390 47 0.77 548 228 321 100 200 4.5 2.5 525 70 2 300 48957 54.397 
7 
127 198 3 4.51 421 88.21 0.66 324 86507 107 121 444 4 0.81 331 58 1.24 415 129 322 100 200 4.5 2.5 525 90 2 300 49470 51.775 
8 
127 198 3 4.51 421 86.97 0.8 324 86399 121 134 317 5 3.35 370 59 0.34 554 450 323 100 200 4.5 3.5 525 50 2 300 66500 73.889 
9 
127 198 4 4.51 421 82.97 0.51 324 86042 95 295 220 1 2.24 514 27 0.14 540 454 324 100 200 4.5 4.5 525 50 2 300 84442 93.824 
10 
150 230 4 2.32 410 51.1 0.91 410 70290 75 231 123 1 3.7 319 50 2.17 492 214 325 100 200 4.5 2.5 525 50 2.5 300 48277 53.641 
11 
150 230 4 2.32 410 51.1 0.68 410 70290 75 244 273 5 4.22 470 44 0.47 488 134 326 100 200 4.5 2.5 525 50 1.5 300 48277 53.641 
12 
150 230 4 4.64 410 90.1 0.68 410 138097 148 176 452 1 3.74 408 67 0.83 356 392 327 100 200 4.5 2.5 325 50 2 300 30605 34.006 
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13 
150 230 4 4.64 410 85.6 0.68 410 137535 146 277 262 4 3.16 376 81 1.28 478 235 328 100 200 4.5 2.5 425 50 2 300 39509 43.899 
14 
235 360 4 2.36 409 52.7 0.42 409 274623 178 228 369 5 1.65 342 27 1.01 367 218 329 100 200 4.75 1 525 80 1.5 525 20723 21.814 
15 
235 360 4 2.36 404 54.1 0.42 404 271978 191 128 276 5 4.66 473 37 0.53 373 204 330 100 200 4.75 3.5 525 80 1.75 525 67789 71.357 
16 
235 360 4 4.73 402 90.3 0.94 402 529947 362 254 311 5 1.65 442 41 0.89 443 457 331 100 200 5 4 525 60 2 525 76112 76.112 
17 
235 360 4 4.73 402 73.4 0.94 402 520729 331 299 426 3 3.63 514 95 0.55 227 354 332 100 200 5 4.5 525 65 2.25 525 85403 85.403 
28 
170 265 4 1.39 437 86.14 0.4 437 76844 100 100 333 6 0.87 441 29 2.11 506 395 333 100 200 5 5 525 70 2.5 525 94683 94.683 
29 
170 265 6 1.39 437 86.14 0.4 437 76844 66 181 198 3 2.31 443 49 1.41 273 239 334 100 200 5 0.5 525 75 1.25 525 15428 11.612 
30 
200 215 6 1.18 530 48.61 0.34 530 55583 45 255 144 6 2.71 524 26 1.34 294 146 335 100 200 5 1 525 80 1.5 525 20723 20.723 
31 
200 215 6 1.77 530 48.61 0.34 530 80813 60 215 223 4 4.13 398 57 0.82 381 64 336 100 200 5.25 3.5 525 85 1.75 525 67954 64.718 
32 200 215 6 2.37 530 48.61 0.34 530 105074 76 154 125 4 3.66 335 76 0.88 549 461 337 100 200 5.25 4 525 90 2 525 77342 73.659 
33 200 215 6 1.18 530 78.5 0.34 530 62204 43 191 423 1 3.03 450 93 0.35 468 106 338 100 200 5.25 4.5 525 95 2.25 525 86709 82.58 
34 200 215 6 1.77 530 78.5 0.34 530 83210 63 215 239 4 0.37 512 67 0.93 224 95 339 100 200 5.25 5 525 100 2.5 525 96058 91.484 
35 200 215 6 2.37 530 78.5 0.34 530 108809 80 181 331 4 2.44 483 71 0.92 320 265 340 100 200 5.25 0.5 525 85 1.25 525 15460 10.738 
36 200 215 6 1.18 530 100 0.34 530 62618 43 268 269 3 4.28 541 34 0.36 483 309 341 100 200 5.5 1 525 85 1.5 525 20791 18.901 
37 200 215 6 1.77 530 100 0.34 530 89545 64 139 397 4 0.6 540 23 0.6 343 441 342 100 200 5.5 3.5 525 85 1.75 525 67954 61.776 
38 200 215 6 2.37 530 100 0.34 530 110330 84 137 328 5 2.73 548 96 0.63 515 399 343 100 200 5.5 4 525 60 2 525 76112 69.193 
40 305 466.1 4 1.81 555 24.06 0.1 325 607806 234 205 347 6 0.65 420 72 1.99 371 174 344 100 200 5.5 4.5 525 65 2.25 525 85403 77.639 
41 305 464.1 5 2.28 555 24.27 0.1 325 716896 245 150 342 4 3.49 417 22 1.8 294 211 345 100 200 5.5 5 525 70 2.5 525 94683 86.075 
43 231.1 461 4 2.42 555 24.75 0.15 325 570365 222 222 336 2 1.22 480 68 1.99 418 176 346 150 300 4.5 0.5 525 75 1.25 525 52070 26.128 
44 228.6 465.6 5 2.42 555 23.17 0.15 325 566569 200 156 426 3 4.58 370 70 0.44 527 273 347 100 200 4.5 1 525 85 1.5 525 20791 21.477 
46 154.9 463.6 4 1.8 555 29.58 0.2 325 296541 156 273 291 5 3.85 391 92 1.42 361 120 348 100 200 4.5 3.5 525 85 1.75 525 67954 75.169 
47 152.4 464.3 5 3.65 555 23.79 0.2 325 482480 162 201 179 1 1.24 325 54 1.27 343 271 349 100 200 4.5 4 525 90 2 525 77342 82.84 
49 203.2 254 3 1.97 331 28.13 0.46 320 78692 100 168 346 4 1.61 436 89 2.08 514 74 350 100 200 4.5 4.5 525 95 2.25 525 86709 90.013 
50 203.2 254 3 1.97 313 32.27 0.46 320 76373 92 274 292 2 0.64 428 71 2.19 269 442 351 100 200 6 5 525 100 2.5 525 96058 80.048 
51 203.2 254 3 1.97 323 26.89 0.46 320 76719 94 292 425 3 2.02 362 27 0.18 394 190 352 100 200 6 0.5 525 85 1.25 525 15460 10.738 
52 152.4 254 3 2.63 313 30.4 0.61 320 73086 90 236 264 6 2.32 415 45 1.9 464 113 353 100 200 6 1 525 85 1.5 525 20791 17.326 
53 152.4 254 3 0.67 334 34.47 0.61 320 41499 29 214 286 6 1.35 367 81 0.24 452 331 354 100 200 6 3.5 525 85 1.75 525 67954 56.628 
54 203.2 355.6 2 1.41 325 31.03 0.46 320 111913 140 150 342 2 0.78 330 42 1.73 334 235 355 100 200 6 4 525 60 2 525 76112 63.427 
55 203.2 355.6 2 1.41 314 33.09 0.46 320 109447 143 278 163 4 0.7 503 75 2.08 389 87 356 100 200 4.25 4.5 525 65 2.25 525 85403 100.47 
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56 203.2 355.6 2 1.41 316 30.2 0.21 320 108931 138 120 346 5 0.88 406 71 0.8 408 236 357 150 300 4.25 5 525 70 2.5 525 319556 250.63 
57 203.2 457.2 2 1.1 311 34.47 0.46 320 140782 195 260 306 2 1.68 441 62 2.06 447 119 358 150 300 4.25 0.5 525 75 1.25 525 52070 26.128 
58 203.2 457.2 2 1.1 319 35.58 0.46 320 144479 200 227 383 3 2.95 404 84 2.11 368 212 359 150 300 4.25 1 525 85 1.5 525 70167 48.323 
59 203.2 457.2 2 1.1 319 30.47 0.46 320 142830 202 218 196 5 4.62 505 78 0.75 550 80 360 150 300 4.25 3.5 525 85 1.75 525 229344 169.13 
60 203.2 254 3 1.97 328 33.99 0.46 320 79044 100 106 371 3 3.74 389 77 2.24 372 276 361 150 300 4.5 4 525 90 2 525 261031 186.39 
61 203.2 254 3 1.97 323 28.34 0.46 320 76875 94 269 282 5 4.78 551 66 1.9 245 433 362 150 300 4.5 4.5 525 95 2.25 525 292642 202.53 
62 203.2 355.6 2 1.41 311 24.75 0.46 320 105923 130 124 280 5 3.07 499 63 1.65 396 59 363 150 300 4.5 5 525 100 2.5 525 324198 217.67 
63 203.2 355.6 2 1.41 316 26.89 0.21 320 107547 90 192 160 4 0.64 331 27 1.57 446 287 364 150 300 4.5 0.5 525 85 1.25 525 52177 24.161 
64 203.2 457.2 2 1.1 310 33.23 0.46 320 138794 182 239 137 3 3.43 367 35 0.71 289 239 365 150 300 4.5 1 525 85 1.5 525 70167 48.323 
65 203.2 457.2 2 1.1 324 28.89 0.46 320 144183 186 121 450 1 0.82 424 77 1.02 508 165 366 150 300 4.75 3.5 525 85 1.75 525 229344 160.94 
66 203.2 457.2 2 1.1 328 29.99 0.46 320 146183 186 194 122 2 4.16 538 25 1.14 529 451 367 150 300 4.75 4 525 60 2 525 256875 180.26 
67 150 133 2 1.13 467 32.5 0.75 520 13223 64 210 244 5 3.41 506 44 1 408 322 368 150 300 4.75 4.5 525 65 2.25 525 288234 202.27 
68 150 133 2 1.13 467 32.5 0.75 520 13223 65 139 441 6 2.9 552 33 2.23 401 120 369 150 300 4.75 5 525 70 2.5 525 319556 224.25 
69 150 123 2 1.22 467 29.8 0.75 520 12336 57 231 392 5 3.87 318 59 1.49 311 472 370 150 300 4.75 0.5 525 75 1.25 525 52070 26.128 
70 150 123 2 1.22 467 29.8 0.75 520 12336 59 106 340 1 1.29 351 96 1.07 324 451 371 150 300 5 1 525 85 1.5 525 70167 46.778 
71 150 113 2 1.33 467 30.15 0.75 520 11996 54 191 317 3 3.72 446 25 2.04 379 352 372 150 300 5 3.5 525 85 1.75 525 229344 152.9 
72 150 113 2 1.33 467 30.15 0.75 520 11996 56 147 200 5 0.74 312 48 1.66 487 315 373 150 300 5 4 525 90 2 525 261031 174.02 
73 120 127 5 2.64 400 78.4 0.38 400 21531 28 166 145 1 3.46 360 95 0.98 503 125 374 150 300 5 4.5 525 95 2.25 525 292642 195.09 
74 120 127 5 2.64 400 74.3 0.38 400 21467 27 263 245 5 3.96 435 24 2.23 422 390 375 150 300 5 5 525 100 2.5 525 324198 216.13 
75 120 127 5 2.64 400 72.8 0.38 400 21443 27 134 131 4 1.49 523 77 2.17 410 293 376 150 300 5.25 0.5 525 85 1.25 525 52177 24.161 
76 203 390 2 3.1 321 24.7 0.38 331 266239 224 128 201 4 0.41 503 26 1.43 232 164 377 150 300 5.25 1 525 85 1.5 525 70167 44.55 
77 203 390 2 3.1 321 23.7 0.38 331 264494 211 296 282 4 0.67 351 86 1.89 248 103 378 150 300 5.25 3.5 525 85 1.75 525 229344 145.62 
78 203 390 2 3.1 321 23.4 0.38 331 263942 224 179 168 6 1.6 476 100 1.58 453 230 379 150 300 5.25 4 525 60 2 525 256875 163.1 
79 203 390 2 3.1 321 24.8 0.38 331 266406 246 249 180 4 1.07 374 31 1.66 269 66 380 150 300 5.25 4.5 525 65 2.25 525 288234 183.01 
80 203 390 2 3.1 321 23.4 0.37 331 263942 281 152 420 5 0.83 516 34 1.58 370 64 381 150 300 5.5 5 525 70 2.5 525 319556 193.67 
81 203 390 2 3.1 321 25.4 0.37 331 264466 259 205 199 5 0.73 376 74 0.99 375 198 382 150 300 5.5 0.5 525 75 1.25 525 52070 26.128 
82 203 390 2 3.1 321 23.7 0.37 331 264494 287 143 250 1 3.77 542 92 1.09 276 67 383 150 300 5.5 1 525 85 1.5 525 70167 42.525 
83 203 390 2 3.1 321 23.3 0.37 331 263754 270 197 327 6 1.94 380 51 0.55 294 75 384 150 300 5.5 3.5 525 85 1.75 525 229344 139 
84 203 390 2 3.1 321 24.6 0.37 331 266071 243 183 171 1 3.71 525 69 1.44 377 320 385 150 300 5.5 4 525 90 2 525 261031 158.2 
85 203 390 2 3.1 321 23.2 0.74 331 263565 303 260 454 4 2.79 314 28 0.63 554 29 386 150 300 5.75 4.5 525 95 2.25 525 292642 169.65 
86 203 390 2 3.1 321 26.3 0.74 331 265927 325 230 433 3 1.22 410 31 0.84 432 76 387 150 300 5.75 5 525 100 2.5 525 324198 187.94 
87 203 390 2 3.1 321 24.9 0.74 331 266571 338 244 133 1 1.53 489 52 1.06 411 312 388 150 300 5.75 0.5 525 85 1.25 525 52177 24.161 
88 203 390 2 3.1 321 42.1 0.37 331 281157 382 130 328 6 3.71 449 30 0.42 345 124 389 150 300 5.75 1 525 85 1.5 525 70167 40.677 
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89 203 390 2 2.07 321 25.7 0.34 331 186116 280 105 280 3 1.42 327 84 1.33 506 328 390 150 300 5.75 3.5 525 85 1.75 525 229344 132.95 
90 203 390 2 2.07 321 26.3 0.34 331 186544 314 177 149 4 0.64 431 80 1.01 368 405 391 150 300 6 4 525 60 2 525 256875 142.71 
91 203 390 2 2.07 321 24 0.34 331 186146 248 122 347 5 0.94 539 100 0.6 422 144 392 150 300 6 4.5 525 65 2.25 525 288234 160.13 
92 203 390 2 2.07 321 29 0.34 331 188239 288 104 233 4 0.34 394 93 1.09 537 192 393 150 300 6 5 525 70 2.5 525 319556 177.53 
93 203 390 2 2.07 321 23.7 0.69 331 185907 292 172 211 4 4.18 445 54 0.13 510 206 394 150 300 6 0.5 525 75 1.25 525 52070 26.128 
94 203 390 2 2.07 321 25 0.69 331 185589 303 141 388 2 0.87 519 77 2.01 426 367 395 150 300 6 1 525 85 1.5 525 70167 38.982 
95 203 390 2 2.07 321 24.1 0.69 331 186225 326 222 271 3 1.31 365 40 1.6 404 349 396 150 300 4.5 3.5 525 85 1.75 525 229344 169.13 
96 203 390 2 2.07 321 27 0.69 331 187017 290 206 307 5 1.32 425 50 1.43 445 117 397 150 300 5 4 525 90 2 525 261031 174.02 
100 203 390 2 3.1 321 24.5 0.34 331 265901 312 292 252 3 2.71 533 86 1.23 271 212 398 150 300 5.5 4.5 525 95 2.25 525 292642 177.36 
101 203 390 2 3.1 321 45.2 0.34 331 282882 427 140 276 3 3.06 334 78 1.76 354 340 399 150 300 4.5 5 525 100 2.5 525 324198 217.67 
102 203 390 2 3.1 321 44.7 0.34 331 282620 438 233 285 2 4.34 342 89 1.55 490 342                       
103 203 390 2 3.1 321 47.6 0.34 331 284065 432 131 366 2 2.73 541 56 1.75 507 374                       
104 203 390 1 1.63 335 26.2 0.46 331 155983 303 102 158 4 4.16 398 89 2.19 301 249                       
105 203 390 1 1.63 335 26.1 0.46 331 155935 359 206 137 4 3.48 337 33 2.21 339 222                       
106 203 390 1 1.63 335 24.6 0.46 331 156073 259 232 183 2 3.08 470 98 0.56 442 444                       
107 203 390 1 1.63 335 24 0.61 331 155761 292 294 126 1 0.56 392 34 2.2 536 402                       
108 203 390 1 1.63 335 25.9 0.61 331 155839 315 118 282 2 3.94 444 82 0.31 416 246                       
109 203 390 1 1.63 335 24.8 0.61 331 156173 337 160 427 4 1.81 446 41 1.82 402 232                       
110 203 390 1 1.63 335 24.5 0.61 331 156022 338 215 238 3 3.01 551 96 0.94 378 247                       
111 203 390 1 2.44 335 28.2 0.92 331 226530 398 107 400 1 3.94 344 45 1.12 281 420                       
112 203 390 1 1.63 335 23.1 1.23 331 155263 315 157 165 5 4.69 325 86 0.73 225 405                       
113 152 315 1 3.42 321 27.7 0.46 331 142127 176 170 135 4 1.13 438 22 1.48 428 292                       
114 152 315 1 3.42 321 28 0.46 331 142375 181 199 431 5 3.39 415 60 0.62 492 164                       
115 152 315 1 3.42 321 27.8 0.46 331 142210 187 125 363 2 1.38 312 58 1.16 227 125                       
116 152 315 2 3.42 321 30.2 0.74 331 144031 224 293 186 6 2.11 456 79 0.6 330 190                       
117 152 315 2 3.42 321 29.5 0.61 331 143532 170 208 312 5 3.47 501 70 1.46 246 214                       
118 152 315 2 3.42 321 28.4 0.61 331 142696 159 241 294 3 1.06 343 60 0.26 344 38                       
119 152 315 2 3.42 321 26.1 0.61 331 140708 170 265 457 3 0.71 386 60 0.31 340 238                       
120 152 315 2 3.42 321 27.4 0.49 331 141875 170 274 265 4 2.11 513 63 1.06 428 346                       
121 152 315 2 3.42 321 25.7 0.49 331 140324 159 120 265 5 1.07 553 88 1.13 546 387                       
122 152 315 2 3.42 321 22.1 0.49 331 138193 166 291 206 4 2.27 514 83 1.86 359 379                       
123 152 315 2 3.42 321 27.7 0.37 331 142127 147 109 440 4 1.07 504 50 0.94 313 279                       
124 152 315 2 3.42 321 29 0.37 331 143160 159 162 190 6 4.66 334 53 0.68 339 221                       
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125 152 315 2 3.42 321 27.1 0.37 331 141616 159 303 399 5 0.91 381 86 0.37 534 65                       
131 140 210 3 1.93 435 40 2.24 395 47864 99 304 280 3 4.31 523 32 1.23 504 333                       
132 140 210 3 1.93 435 60 2.24 395 49096 105 130 142 3 4.14 451 59 0.63 305 349                       
133 140 210 3 2.59 450 75 2.24 395 67505 140 209 120 2 1.47 393 24 1.85 391 198                       
134 250 300 3 0.21 395 40 1.26 395 18465 31 133 124 4 3.9 476 78 2.19 428 376                       
135 250 300 3 0.35 413 40 1.26 395 32455 46 260 360 4 1.42 409 26 1.96 460 398                       
136 140 210 3 1.93 435 40 2.24 395 47864 76 140 202 5 0.82 503 53 0.4 493 468                       
137 140 210 3 1.93 435 60 2.24 395 49096 83 254 394 6 3.87 509 39 0.54 241 244                       
138 250 300 3 0.35 413 75 1.26 395 32641 49 100 164 5 1.47 504 95 1.84 423 474                       
139 250 300 3 0.53 413 75 1.26 395 48775 70 113 235 4 2 380 54 1.87 509 226                       
140 140 210 3 2.59 435 75 2.24 395 65394 106 191 431 3 2.46 493 30 0.79 376 226                       
141 140 210 4 1.37 418 40 2.24 395 33461 39 118 263 3 0.4 489 60 1.38 545 442                       
142 140 210 4 1.93 435 40 2.24 395 47864 59 175 128 2 3.99 437 58 0.24 373 297                       
143 140 210 4 2.59 450 40 2.24 395 64273 76 145 170 3 3.91 501 38 1.22 424 129                       
144 140 195 4 4.15 435 40 2.24 395 80454 94 189 202 5 1.79 468 49 1.38 303 219                       
145 140 210 4 1.93 435 60 2.24 395 49096 68 266 220 3 1.42 399 64 1.83 501 294                       
146 140 210 4 1.93 435 71 2.24 395 49440 67 119 380 6 3.11 371 57 1.52 400 241                       
147 140 210 4 2.59 450 71 2.24 395 67305 83 199 453 4 0.32 434 42 1.3 359 299                       
148 140 195 4 4.15 435 71 2.24 395 86759 102 100 304 5 4.68 404 60 1.94 527 445                       
150 140 210 4 2.59 450 40 1.12 395 64326 78 228 426 2 3.32 477 91 0.14 390 126                       
151 140 210 4 2.59 450 40 1.12 395 64345 80 263 410 6 1.83 481 79 1.3 298 133                       
152 140 195 4 4.15 435 75 1.12 395 87679 103 155 319 2 4.66 520 28 0.52 511 220                       
153 140 195 4 4.15 435 75 1.12 395 87836 103 241 233 5 4.21 348 54 0.49 323 200                       
154 140 210 3 1.93 435 40 1.12 395 47844 89 281 124 5 3.73 484 58 1.74 280 211                       
155 140 210 3 1.93 435 60 1.12 395 49074 95 123 369 6 0.86 332 27 0.87 385 199                       
156 140 210 3 2.59 450 75 1.12 395 67482 126 163 280 5 0.61 527 80 1.69 553 368                       
157 250 300 3 0.21 395 40 0.9 395 18465 88 112 139 5 4.8 405 29 1.97 437 121                       
158 250 300 3 0.35 413 40 0.9 395 32448 90 219 408 5 3.7 485 57 1.37 233 159                       
159 140 210 3 1.93 435 40 1.12 395 47844 69 138 189 1 2.02 431 42 2.1 507 144                       
160 140 210 3 1.93 435 60 1.12 395 49074 75 140 431 5 0.28 423 47 2.01 299 413                       
161 250 300 3 0.35 413 75 0.9 395 32634 105 231 156 6 0.31 542 89 1.11 436 473                       
162 250 300 3 0.53 413 75 0.9 395 48763 108 118 283 2 1.97 448 24 1.79 462 144                       
163 140 210 3 2.59 450 75 1.12 395 67482 95 246 124 3 0.45 501 67 2.18 375 112                       
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164 140 210 4 1.37 418 40 1.12 395 33461 35 271 201 3 3.11 330 94 0.11 420 222                       
165 140 210 4 1.93 435 40 1.12 395 47844 53 212 213 4 3.79 386 92 0.65 250 450                       
166 140 210 4 2.59 450 40 1.12 395 64253 69 255 466 3 2.21 527 24 0.14 437 330                       
167 140 195 4 4.15 435 40 1.12 395 80425 85 305 395 5 2.25 467 56 0.2 518 57                       
168 140 210 4 1.93 435 60 1.12 395 49074 61 179 375 4 3.54 480 62 1.23 471 93                       
169 140 210 4 1.93 435 71 1.12 395 49419 61 169 439 4 0.8 481 50 0.13 503 167                       
170 140 210 4 2.59 450 71 1.12 395 67282 75 170 208 5 0.92 417 83 0.41 286 400                       
171 140 195 4 4.15 435 71 1.12 395 86724 92 166 177 3 1.84 360 46 1.58 347 171                       
173 250 315 2 1.45 453 31.87 0.47 425 151356 237 131 346 2 1.49 440 81 0.2 337 439                       
175 152 254 6 2.64 394 38.5 1.05 341 91934 61 297 419 6 3.6 361 51 2 335 224                       
176 152 254 6 2.64 394 34.8 0.61 341 90922 60 165 233 4 4.28 452 25 1.99 374 269                       
177 152 254 6 2.64 394 34.8 0.61 341 90922 62 188 175 5 4.14 374 43 2.24 460 177                       
178 152 254 6 2.64 394 38 0.37 341 91809 61 164 230 1 1.75 467 24 1.59 523 281                       
179 152 254 6 2.64 394 38 0.37 341 91809 63 121 418 2 3.28 322 41 1.45 280 461                       
180 152 254 6 2.64 394 39 0.37 341 92056 67 250 334 4 1.98 371 59 1.98 451 277                       
181 152 254 6 2.64 394 39.5 0.31 341 92175 65 291 228 3 1.25 550 65 0.72 357 266                       
182 152 254 6 2.64 394 39.5 0.31 341 92175 69 241 285 3 1.45 370 50 0.19 400 470                       
183 254 456 4 2.23 386 37.3 0.55 341 416310 245 143 123 3 1.43 332 76 1.55 337 209                       
184 254 456 4 2.23 386 40.1 0.37 341 418838 207 203 373 1 4.56 470 65 0.55 469 340                       
185 254 456 4 2.23 386 38.8 0.24 341 417710 160 215 162 2 3.79 538 48 0.8 461 105                       
186 254 456 4 2.23 386 37.6 0.24 341 416599 160 270 335 3 2.68 346 36 2.01 326 65                       
187 254 456 4 2.23 386 38.9 0.16 341 417799 148 251 419 6 0.68 532 75 0.69 233 355                       
188 254 456 4 2.23 386 37.6 0.49 372 416599 244 165 438 2 2.32 420 49 0.35 461 342                       
189 254 456 4 2.23 386 37.2 0.24 372 416213 217 138 207 5 4.58 331 61 2.24 272 434                       
190 254 456 4 2.23 386 41.4 0.24 372 419895 202 160 336 4 1.16 427 88 2.02 257 150                       
191 254 456 4 2.23 386 24.1 0.24 372 400115 161 187 333 4 1.25 542 76 1.45 278 154                       
192 254 456 4 2.23 386 30.4 0.24 372 408059 165 101 361 2 2.48 447 92 0.28 306 197                       
193 254 456 4 2.23 386 48.5 0.24 372 424668 206 210 363 2 4.72 386 32 0.1 469 307                       
194 254 456 4 2.23 386 41.8 0.24 372 420207 234 204 376 2 0.32 491 47 1.88 241 192                       
196 254 456 4 2.23 386 37 0.16 372 416016 161 249 304 2 3.72 336 36 1.87 275 243                       
197 254 456 4 2.23 386 37.6 0.12 372 416599 164 171 119 6 0.67 442 26 2.02 276 184                       
198 254 456 4 2.23 386 35.4 0.49 237 414365 233 222 331 3 2.76 498 51 0.94 298 85                       
199 254 456 4 2.23 386 34.3 0.24 237 413138 178 244 135 3 4.55 507 60 1.36 398 327                       
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200 254 456 4 2.23 386 37.2 0.24 517 416213 248 181 408 4 4.38 347 57 1.69 273 225                       
201 254 456 4 2.23 386 37.2 0.16 517 416213 251 143 141 3 3.13 373 23 1.81 247 462                       
202 254 456 4 2.23 386 40.5 0.12 517 419170 220 106 201 4 2.46 393 51 1.84 547 376                       
203 254 456 4 2.23 386 38.8 0.1 517 417710 164 146 165 5 3.08 529 34 0.35 314 123                       
204 254 456 4 2.23 386 37.1 0.24 352 416115 249 182 255 5 4.83 350 62 0.89 401 345                       
205 254 456 4 2.23 386 39.6 0.16 352 418413 235 213 429 6 1.52 444 98 0.91 359 449                       
206 254 456 4 2.23 386 38.9 0.12 352 417799 177 274 307 5 3.24 396 81 0.83 229 162                       
207 254 456 4 2.23 386 38 0.1 352 416977 167 262 237 4 1.8 333 57 1.86 275 189                       
208 254 456 4 2.23 386 42.7 0.24 276 420887 240 161 447 3 4.06 528 92 0.9 232 185                       
209 254 456 4 2.23 386 42.7 0.16 276 420887 214 109 460 5 1.96 407 63 0.36 441 80                       
210 254 456 4 2.23 386 43 0.12 276 421108 175 175 365 6 2.87 551 86 1.86 463 401                       
211 254 456 4 2.23 386 43 0.1 276 421108 141 122 139 6 1.71 533 75 0.86 450 176                       
213 100 142 4 2.21 460 40.7 1 320 18815 28 261 286 2 4.01 333 91 0.35 444 303                       
214 203.2 203.2 6 1.38 362 28.96 0.62 273 41190 35 165 159 3 0.73 421 67 1.7 374 164                       
215 203.2 203.2 6 1.38 335 28.96 0.62 273 38769 29 240 334 5 4.1 397 44 0.99 461 339                       
216 203.2 203.2 6 1.38 336 28.27 0.31 273 38647 29 300 156 2 4.39 497 40 1.2 252 184                       
217 203.2 203.2 6 1.38 337 27.58 0.31 273 38575 34 137 279 5 1.31 403 28 0.44 333 314                       
218 203.2 203.2 5 1.38 351 24.82 0.62 273 39552 41 216 153 5 0.7 536 41 2.13 295 66                       
219 203.2 203.2 5 1.38 356 24.82 0.31 273 39990 40 287 431 3 3.69 397 74 0.66 494 301                       
220 203.2 203.2 5 1.38 328 25.51 0.31 273 37137 38 113 392 5 2.07 512 31 1.05 508 171                       
221 203.2 203.2 5 1.38 332 28.96 0.31 273 38517 38 225 220 6 4.49 403 59 1.32 537 138                       
234 300 399 4 1.27 455 33.2 1.05 471 258502 188 184 340 5 3.61 317 79 0.57 350 386                       
235 300 399 4 1.27 455 33.2 1.05 471 258502 187 256 467 6 0.92 391 87 1.39 360 171                       
236 150 315 2 2.61 361 23.22 0.24 354 133720 137 171 332 5 1.67 474 96 1.48 431 121                       
237 150 315 2 2.08 387 24.32 0.24 354 107918 123 230 354 6 2.58 443 87 0.83 548 150                       
238 150 315 2 2.61 361 27.3 0.47 354 124973 177 206 329 6 3.19 549 28 1.4 502 397                       
239 150 315 2 2.61 361 22.98 0.47 354 127515 196 223 403 4 3.85 427 92 1.86 387 429                       
240 150 315 3 2.61 361 25.97 0.24 354 134696 108 237 393 3 3.78 313 35 2.12 294 109                       
241 150 315 3 2.61 360 24.24 0.47 354 134294 132 250 258 4 1.3 378 88 1.71 303 36                       
242 150 315 3 2.61 360 24.48 0.47 354 124035 140 148 258 1 3.01 458 33 0.31 246 138                       
245 
190.5 387.4 4 1.05 509 29.37 0.5 224 142731 100 
256 406 4 1.03 410 53 0.14 292 67   
    
            
    
246 
190.5 390.7 4 1.04 509 29.1 0.5 224 143937 110 
108 139 5 2.41 415 85 1.2 405 202   
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247 
190.5 390.7 4 0.69 509 29.37 0.5 224 98436 74 
116 447 2 4.36 431 38 1.93 441 269   
    
            
    
248 
190.5 387.4 4 0.7 509 29.85 0.42 263 97516 72 
249 396 2 4.62 519 39 1.15 511 454   
    
            
    
249 
190.5 387.4 4 0.7 509 30.13 0.32 263 97570 73 
259 288 6 0.49 484 93 0.11 369 206   
    
            
    
250 
190.5 390.7 4 0.69 509 29.78 0.5 224 98577 74 
253 200 4 1.99 432 87 0.61 486 125   
    
            
    
251 
190.5 390.7 4 0.69 509 29.1 0.35 263 98240 74 
254 416 5 0.25 520 53 0.17 516 109   
    
            
    
252 
250 357.5 3 1.25 504 42.8 0.31 541 190990 171 
256 139 4 2.63 455 75 0.25 301 375   
    
            
    
253 
250 357.5 3 2.2 460 42.8 0.31 541 296761 231 
217 318 4 0.29 410 79 1.73 404 147   
    
            
    
254 
250 357.5 3 2.2 460 74.6 0.31 479 305961 248 
136 447 2 2.19 357 38 2.03 315 171   
    
            
    
255 
250 357.5 3 2.2 460 73.6 0.31 479 305778 250 
178 230 2 3.76 440 52 1.36 520 40   
    
            
    
256 
250 357.5 3 3.32 460 72.8 0.31 479 449145 376 
265 369 6 4.3 390 46 1.96 410 291   
    
            
    
257 
250 357.5 3 3.32 460 72.8 0.63 479 449145 365 
139 192 6 4.24 369 46 0.63 371 452   
    
            
    
258 
250 357.5 3 3.32 460 72.8 0.94 541 449145 371 
103 128 5 1.41 510 27 1.5 272 334   
    
            
    
259 
250 357.5 3 3.32 460 77 0.31 479 451432 383 
275 225 3 4.2 403 91 1.28 253 334   
    
            
    
260 
250 357.5 3 3.32 460 72.8 0.31 541 450787 386 
130 292 1 3.97 366 53 1.81 439 254   
    
            
    
261 
250 357.5 3 4.39 460 77 0.31 479 582731 475 
256 432 4 3 452 62 0.66 432 450   
    
            
    
262 
250 357.5 3 2.65 461 85.6 0.31 541 367744 325 
220 366 4 3.28 447 59 1.8 521 432   
    
            
    
263 
250 357.5 3 3.1 461 88.1 0.31 541 427355 365 
239 278 6 2.72 435 83 0.6 337 368   
    
            
    
264 
250 357.5 3 4 474 85.6 0.31 541 553581 451 
216 463 2 4.36 502 42 1.72 483 124   
    
            
    
265 
250 357.5 3 4.84 460 88.1 0.31 541 643020 440 
238 367 2 4.05 351 80 0.93 268 86   
    
            
    
268 
203.2 218.4 5 1.28 337 34.27 0.62 294 40582 44 
285 259 2 1.87 432 84 1.5 425 195   
    
            
    
269 
203.2 202.2 5 1.69 337 34.27 0.62 294 44876 49 
167 406 1 1.19 530 32 0.69 405 326   
    
            
    
270 
203.2 256.5 4 1.63 337 34.27 0.5 294 70386 77 
295 407 6 3.12 466 98 1.99 495 353   
    
            
    
271 
203.2 228 5 2.45 337 34.27 0.5 294 79868 88 
264 229 2 3.42 354 97 1.85 533 461   
    
            
    
272 
203.2 218.4 4 1.28 363 27.44 0.62 294 42476 66 
203 267 4 0.68 525 66 1.83 295 86   
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273 
203.2 202.8 4 1.69 363 27.44 0.62 294 47178 68 
249 273 5 1.49 396 95 1.47 290 364   
    
            
    
274 
203.2 256.5 4 1.63 363 27.44 1.1 520 73371 80 
219 126 6 2.96 375 24 1.37 402 34   
    
            
    
275 
203.2 229.5 5 2.44 363 27.44 0.5 294 83945 87 
183 246 2 3.98 381 51 1.76 273 418   
    
            
    
276 
254 307.3 5 2.61 415 34.06 0.73 372 233145 186 
295 353 2 4.6 529 49 0.81 348 236   
    
            
    
277 
254 282.3 5 3.56 415 34.06 0.73 372 261345 192 
123 284 2 0.47 320 74 0.19 495 305   
    
            
    
278 
254 307.3 4 2.61 415 34.06 0.73 372 233145 232 
129 163 2 2.89 451 63 1.32 545 124   
    
            
    
279 
254 282.3 4 3.56 415 34.06 0.73 372 261345 235 
288 117 4 2.08 418 99 0.52 512 65   
    
            
    
280 
150 271.5 2 2.41 420 47.7 0.19 420 104329 115 
269 172 5 2.46 531 84 0.53 451 313   
    
            
    
281 
150 271.5 2 2.41 420 46.8 0.19 420 104235 125 
302 345 4 0.69 437 33 0.11 313 67   
    
            
    
287 
228.6 425.5 3 1.05 552 35.85 0.15 483 225022 172 
184 203 5 3.98 517 95 1.79 299 422   
    
            
    
288 
228.6 425.5 3 1.05 552 35.85 0.15 483 225022 153 
160 136 6 4.41 479 76 1.54 506 459   
    
            
    
298 
127 203.2 1 3.21 421 42.4 0.5 324 62876 239 
149 232 5 4.58 523 36 0.61 292 70   
    
            
    
299 
127 203.2 2 3.21 421 43.44 0.5 324 63027 123 
261 298 5 4.62 471 52 0.62 500 58   
    
            
    
300 
127 203.2 3 3.21 421 42.89 0.5 324 62948 87 
107 366 5 1.68 393 29 0.18 318 211   
    
            
    
301 
127 198.1 1 4.51 421 97.69 0.51 324 87418 323 
206 258 4 2.64 429 31 1.02 529 450   
    
            
    
302 
127 198.1 2 4.51 421 99.7 0.51 324 87577 178 
292 349 3 0.55 360 81 0.94 425 80   
    
            
    
303 
127 198.1 3 4.51 421 100 0.51 324 87600 102 
268 129 5 2.94 414 25 1.46 285 94   
    
            
    
304 
127 198.1 3 4.51 421 94.73 0.66 324 87181 108 
236 311 5 0.81 539 65 1.5 380 220   
    
            
    
305 
127 198.1 3 4.51 421 100 0.79 324 87600 123 
125 128 4 1.55 494 31 0.96 241 269   
    
            
    
306 
127 198.1 4 4.51 421 100 0.51 324 87600 94 
296 229 4 0.48 332 64 1.12 450 445   
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20
0 
18
0 
4.86
11 
3.3
5 
550 34 
1.4
1 
300 280 
2300
0 
85.
2 
40
1 
34
4 
3.7 
2.3
3 
343 100 
1.6
6 
285 
233
5 
20
8 
199 
22
5 
45
0 
6.5 4 575 100 1.5 575 
280
0 
5360
00 
18
3 
54 
40
0 
27
5 
5.09
09 
3.1 497 
24.
94 
0.6
3 
459
.5 
450 
3620
00 
25
0 
15
5 
29
4 
8.5 
0.9
5 
366 71 
1.2
5 
288 
240
0 
11
7 
200 
17
5 
35
0 
7.5 
4.
5 
325 50 
1.7
5 
325 
320
0 
1850
00 
70 
55 
40
0 
28
0 
5 
3.0
4 
497 
26.
67 
0.6
3 
459
.5 
675 
3810
00 
26
5 
20
6 
36
1 
6.1 
3.4
5 
328 88 
1.3
4 
432 
369
0 
72
8 
201 
20
0 
40
0 
7.5 
4.
5 
350 60 2 350 
360
0 
3780
00 
12
6 
56 
40
0 
28
8 
4.86
11 
2.9
6 
497 
26.
13 
0.6
3 
459
.5 
900 
3940
00 
30
5 
25
6 
26
1 
6.8 
4.2
9 
486 72 
1.8
6 
521 939 
52
0 
202 
22
5 
45
0 
7.5 
4.
5 
375 70 
1.2
5 
375 
240
0 
4550
00 
13
5 
57 
40
0 
27
5 
5.09
09 
3.1 497 
25.
33 
0.6
1 
459
.5 
450 
3590
00 
24
3 
31
4 
37
8 
7.8 
1.3
3 
348 75 
1.5
8 
473 
249
1 
60 203 
17
5 
35
0 
8.5 
4.
5 
525 80 1.5 525 
280
0 
3550
00 
11
9 
58 
40
0 
27
9 
5.01
79 
3.0
5 
497 
27.
12 
0.6
1 
459
.5 
675 
3830
00 
27
3 
45
4 
19
5 
3.6 
1.2
7 
358 100 
0.3
2 
572 
305
7 
36
3 
204 
20
0 
40
0 
8.5 
4.
5 
550 90 
1.7
5 
550 
320
0 
4730
00 
13
9 
Appendix-D3 
Experimental Database LHS Sample Number CFP Calculation for Required Numbers 
Sr. 
No 
b d 
av/
d 
ρl fyl fc 
ρ
w 
fyw N Mf Vu b d 
av/
d 
ρl fyl fc 
ρ
w 
fyw N Vu 
Sr. 
No 
b d 
av/
d 
ρl fyl fc 
ρ
w 
fyw N Mf Vu 
  
m
m 
m
m 
  % 
Mp
a 
Mp
a 
% 
Mp
a 
K
N 
KNm
m 
K
N 
m
m 
m
m 
0 % 
Mp
a 
Mp
a 
% 
Mp
a 
K
N 
K
N 
  
m
m 
m
m 
0 % 
Mp
a 
Mp
a 
% 
Mp
a 
K
N 
KNm
m 
K
N 
 
392 
59 
40
0 
28
7 
4.87
8 
2.9
7 
497 
26.
77 
0.6
1 
459
.5 
900 
3980
00 
30
4 
45
3 
22
4 
6.7 
3.1
1 
355 44 
0.5
7 
578 
125
2 
14
6 
205 
22
5 
45
0 
8.5 4 575 100 2 575 
360
0 
6450
00 
16
9 
60 
40
0 
27
5 
5.09
09 
3.1 497 
26.
38 
0.5
9 
459
.5 
450 
3600
00 
24
4 
54
2 
24
5 
6.4 
3.9
1 
452 46 
1.7
5 
319 
300
6 
14
4 
206 
20
0 
40
0 
6.5 
2.
5 
325 50 
1.2
5 
325 
240
0 
3170
00 
12
2 
61 
40
0 
27
8 
5.03
6 
3.0
6 
497 
27.
48 
0.5
9 
459
.5 
675 
3830
00 
27
1 
22
3 
38
3 
3.4 
3.8
4 
426 32 
1.6
1 
501 
337
5 
24
1 
207 
20
0 
40
0 
6.5 
1.
5 
350 80 1.5 350 
280
0 
4260
00 
16
4 
62 
40
0 
28
6 
4.89
51 
2.9
8 
497 
26.
9 
0.5
9 
459
.5 
900 
3980
00 
30
1 
26
5 
21
7 
6.4 
3.8
6 
334 66 
0.2
1 
322 322 74 208 
22
5 
45
0 
6.5 4 375 70 
1.7
5 
375 
320
0 
5450
00 
18
6 
72 
35
0 
24
9 
6.43
11 
4.1
6 
446 98 
1.7
2 
453 
3601.
5 
6570
00 
32
9 
24
0 
36
1 
5.9 
2.3
2 
412 49 
0.3
1 
320 643 
26
1 
209 
17
5 
35
0 
7.5 4 525 80 2 525 
360
0 
3510
00 
13
4 
73 
30
5 
23
0 
8.69
57 
2.8
5 
469 
92.
4 
1.8
6 
391 
1203.
37 
2690
00 
11
9 
43
2 
23
8 
3.5 1.4 558 46 1.3 513 615 
73
4 
210 
20
0 
40
0 
7.5 
1.
5 
550 90 
1.2
5 
550 
240
0 
3980
00 
13
3 
74 
30
5 
22
9 
8.73
36 
2.8
6 
456 
93.
3 
1.8
6 
404 
2430.
19 
3820
00 
15
5 
23
1 
23
3 
4.7 
4.2
8 
493 73 
1.0
5 
420 
332
3 
56
7 
211 
22
5 
45
0 
7.5 
1.
5 
575 100 1.5 575 
280
0 
5510
00 
16
3 
75 
30
5 
23
6 
8.47
46 
2.7
8 
457 
98.
2 
1.8
6 
418 
3562.
67 
4650
00 
17
9 
34
7 
18
0 
4.9 
2.3
3 
526 76 0.6 304 
294
2 
63
7 
212 
17
5 
35
0 
8.5 
1.
5 
325 50 
1.7
5 
325 
320
0 
1800
00 
61 
76 
30
5 
23
1 
8.65
8 
2.8
4 
489 
94.
8 
0.8
6 
391 
1234.
63 
2770
00 
10
8 
50
3 
45
7 
4.2 
3.5
6 
385 44 
1.1
1 
377 683 
66
7 
213 
20
0 
40
0 
8.5 
1.
5 
350 60 2 350 
360
0 
3900
00 
11
5 
77 
30
5 
22
9 
8.73
36 
2.8
6 
456 
97.
7 
0.8
6 
404 
2363.
02 
3800
00 
16
1 
20
0 
40
1 
4 
3.6
6 
550 100 
0.9
2 
510 821 
56
2 
214 
22
5 
45
0 
8.5 
1.
5 
375 70 
1.2
5 
375 
240
0 
4550
00 
11
9 
78 
30
5 
23
6 
8.47
46 
2.7
8 
457 100 
0.8
6 
418 
3783.
98 
4860
00 
17
7 
46
8 
34
5 
6.9 
1.8
4 
452 22 
0.1
9 
264 
276
9 
59
1 
215 
17
5 
35
0 
6.5 2 525 80 1.5 525 
280
0 
3220
00 
14
2 
86 
35
0 
25
3 
3.95
26 
4.4
4 
453 
30.
2 
0.3 470 600 
3130
00 
27
2 
43
3 
22
4 
8.6 
3.7
9 
392 49 
0.9
9 
406 
264
2 
62
2 
216 
20
0 
40
0 
6.5 2 550 90 
1.7
5 
550 
320
0 
4770
00 
18
3 
87 
35
0 
25
3 
3.95
26 
4.4
4 
430 
34.
8 
0.6 470 600 
3080
00 
26
8 
43
4 
35
8 
3.4 
4.0
6 
424 92 
0.4
2 
309 
238
7 
38
9 
217 
22
5 
45
0 
6.5 2 575 100 2 575 
360
0 
6530
00 
22
3 
88 
35
0 
25
3 
3.95
26 
4.4
4 
438 32 0.9 470 600 
3080
00 
31
2 
20
0 
43
4 
8.1 
2.8
2 
516 22 
0.5
7 
315 
224
8 
54
4 
218 
17
5 
35
0 
7.5 2 325 50 
1.2
5 
325 
240
0 
2210
00 
84 
89 
35
0 
25
3 
3.95
26 
4.4
4 
437 
37.
3 
0.4
2 
425 600 
3130
00 
32
5 
48
6 
20
5 
3.7 
3.7
5 
539 63 
1.5
9 
400 
354
3 
57
1 
219 
20
0 
40
0 
7.5 2 350 60 1.5 350 
280
0 
3730
00 
12
4 
90 
35
0 
25
3 
3.95
26 
4.4
4 
437 39 
0.4
2 
425 600 
3150
00 
34
1 
26
1 
41
7 
3.1 
3.1
1 
514 23 
0.4
7 
441 305 
72
7 
220 
22
5 
45
0 
7.5 
2.
5 
375 70 
1.7
5 
375 
320
0 
5450
00 
16
1 
92 
35
0 
25
3 
3.95
26 
4.4
4 
453 
30.
2 
0.3 470 600 
3130
00 
27
2 
22
8 
29
9 
3.7 
3.7
8 
469 19 
1.8
5 
485 882 
11
9 
221 
17
5 
35
0 
8.5 
2.
5 
525 80 2 525 
360
0 
3400
00 
11
4 
93 
35
0 
25
3 
3.95
26 
4.4
4 
430 
34.
8 
0.6 470 600 
3080
00 
25
4 
25
3 
23
4 
4.8 
1.2
7 
330 79 
0.5
9 
319 
138
9 
68
2 
222 
20
0 
40
0 
8.5 
2.
5 
550 90 
1.2
5 
550 
240
0 
3960
00 
11
6 
94 
35
0 
25
3 
3.95
26 
4.4
4 
430 
43.
6 
0.9 470 600 
3150
00 
29
1 
23
3 
39
4 
5.5 
3.6
8 
388 57 1 259 202 
28
4 
223 
22
5 
45
0 
8.5 
2.
5 
575 100 1.5 575 
280
0 
5420
00 
14
2 
95 
35
0 
25
7 
6.40
08 
2.6
7 
400 34 0.4 570 1782 
3190
00 
19
3 
27
1 
18
4 
6.1 2.5 519 100 
1.2
7 
415 
330
5 
78
4 
224 
17
5 
35
0 
6.5 
2.
5 
325 50 
1.7
5 
325 
320
0 
1800
00 
79 
96 
35
0 
25
7 
6.40
08 
2.6
7 
400 34 0.8 570 1782 
3190
00 
18
9 
23
9 
34
2 
6.8 
3.8
5 
369 90 
0.5
3 
518 
189
0 
11
6 
225 
20
0 
40
0 
6.5 3 350 60 2 350 
360
0 
3730
00 
14
3 
97 
35
0 
25
1 
6.55
38 
2.7
3 
400 34 0.8 570 831 
2410
00 
15
8 
40
4 
40
5 
8.2 
2.8
4 
458 73 
0.6
2 
404 
183
1 
41
0 
226 
22
5 
45
0 
6.5 3 375 70 
1.2
5 
375 
240
0 
4550
00 
15
6 
98 
35
0 
27
3 
6.02
56 
3.7
7 
400 34 
0.5
4 
570 1923 
3700
00 
20
5 
18
6 
41
6 
6.8 1.5 385 37 
1.0
9 
499 
330
1 
80 227 
17
5 
35
0 
7.5 3 525 80 1.5 525 
280
0 
3390
00 
12
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Appendix-D3 
Experimental Database LHS Sample Number CFP Calculation for Required Numbers 
Sr. 
No 
b d 
av/
d 
ρl fyl fc 
ρ
w 
fyw N Mf Vu b d 
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d 
ρl fyl fc 
ρ
w 
fyw N Vu 
Sr. 
No 
b d 
av/
d 
ρl fyl fc 
ρ
w 
fyw N Mf Vu 
  
m
m 
m
m 
  % 
Mp
a 
Mp
a 
% 
Mp
a 
K
N 
KNm
m 
K
N 
m
m 
m
m 
0 % 
Mp
a 
Mp
a 
% 
Mp
a 
K
N 
K
N 
  
m
m 
m
m 
0 % 
Mp
a 
Mp
a 
% 
Mp
a 
K
N 
KNm
m 
K
N 
 
393 
99 
35
0 
27
3 
6.02
56 
3.7
7 
400 34 
1.0
7 
570 1923 
3700
00 
22
1 
32
9 
26
8 
3.8 
2.7
5 
478 76 
0.4
2 
453 
141
8 
77
2 
228 
20
0 
40
0 
7.5 3 550 90 
1.7
5 
550 
320
0 
4760
00 
15
9 
100 
35
0 
30
2 
5.45
24 
2.6
5 
400 34 
1.0
7 
570 1900 
2220
00 
21
5 
20
7 
21
6 
8.2 1.3 424 56 
0.4
3 
513 
228
9 
26
1 
229 
22
5 
45
0 
7.5 3 575 100 2 575 
360
0 
6490
00 
19
2 
101 
35
0 
27
3 
6.02
56 
3.7
7 
400 34 
0.5
2 
580 1923 
3710
00 
21
2 
16
7 
24
7 
7.9 2.1 314 71 
0.4
3 
325 
124
4 
20
0 
230 
17
5 
35
0 
8.5 
3.
5 
325 50 
1.2
5 
325 
240
0 
2090
00 
70 
102 
35
0 
24
3 
6.76
95 
4.2
3 
400 34 
0.5
2 
580 961 
3250
00 
19
8 
22
8 
39
4 
7 
2.4
8 
395 39 
0.9
8 
426 
123
1 
29
4 
231 
20
0 
40
0 
8.5 
3.
5 
350 60 1.5 350 
280
0 
3730
00 
11
0 
103 
35
0 
26
9 
6.11
52 
4.2
5 
400 34 
0.5
2 
580 1923 
3790
00 
21
8 
38
3 
18
4 
3.9 
2.5
9 
340 18 
1.5
8 
426 
267
6 
37
0 
232 
22
5 
45
0 
8.5 
3.
5 
375 70 
1.7
5 
375 
320
0 
5450
00 
14
2 
104 
35
0 
26
8 
6.13
81 
4.2
6 
400 34 
1.0
7 
570 1923 
3770
00 
22
4 
30
9 
45
7 
5.5 
2.9
2 
472 65 
0.8
4 
347 728 
39
6 
233 
17
5 
35
0 
6.5 
3.
5 
525 80 2 525 
360
0 
3470
00 
15
3 
105 
45
7 
31
2 
4.72
12 
3.6
2 
438 
21.
1 
0.1
7 
476 667 
4590
00 
31
5 
34
1 
37
0 
6.8 
1.5
4 
453 98 
0.2
6 
538 954 
48
0 
234 
20
0 
40
0 
6.5 
3.
5 
550 90 
1.7
5 
550 
320
0 
4740
00 
18
2 
106 
45
7 
31
2 
4.72
12 
3.6
2 
438 
21.
8 
0.1
7 
476 667 
4620
00 
29
4 
30
7 
27
5 
4.2 
2.1
5 
379 95 
1.3
6 
271 159 
37
8 
235 
22
5 
45
0 
6.5 4 575 100 1.5 575 
280
0 
5360
00 
18
3 
107 
23
0 
18
7 
6.73
8 
3.7
1 
423 
26.
4 
0.1
9 
518 558 
9500
0 
60 
48
0 
45
4 
3.6 
3.7
8 
314 75 
1.2
4 
341 
153
6 
57
9 
236 
17
5 
35
0 
7.5 4 325 50 
1.7
5 
325 
320
0 
1830
00 
70 
108 
40
0 
28
6 
5.59
44 
2.1
1 
446 
46.
5 
0.3
9 
364 744 
3430
00 
19
3 
34
3 
45
4 
5.4 
0.8
8 
442 79 
1.2
9 
379 
244
2 
66
8 
237 
20
0 
40
0 
7.5 4 350 60 2 350 
360
0 
3760
00 
12
5 
109 
40
0 
29
8 
5.36
91 
2.0
2 
446 44 
0.5
5 
360 2112 
5020
00 
26
5 
35
1 
30
6 
5.5 2.7 478 24 
0.5
8 
397 
323
1 
12
1 
238 
22
5 
45
0 
7.5 4 375 70 
1.2
5 
375 
240
0 
4550
00 
13
5 
110 
40
0 
29
8 
5.36
91 
2.0
2 
446 44 
0.3
6 
364 2112 
5030
00 
27
2 
21
2 
28
1 
4.6 
2.6
2 
410 60 
0.6
3 
506 200 
64
4 
239 
17
5 
35
0 
8.5 4 525 80 1.5 525 
280
0 
3490
00 
11
7 
111 
40
0 
30
0 
5.33
33 
2.0
1 
446 40 
0.2
6 
255 1920 
4740
00 
25
1 
32
1 
40
1 
6.8 
1.7
1 
369 54 
1.3
8 
292 
119
0 
45
7 
240 
20
0 
40
0 
8.5 
4.
5 
550 90 
1.7
5 
550 
320
0 
4730
00 
13
9 
114 
40
0 
28
1 
5.69
4 
2.2
3 
474 
25.
6 
1.0
6 
279 819.2 
2950
00 
16
7 
48
0 
28
8 
3.3 
2.0
3 
465 100 
0.3
4 
413 969 
51
2 
241 
22
5 
45
0 
8.5 
4.
5 
575 100 2 575 
360
0 
6440
00 
16
8 
115 
40
0 
28
1 
5.69
4 
2.2
3 
474 
25.
6 
1.0
6 
284 819.2 
2950
00 
16
4 
49
8 
31
6 
8 
1.8
5 
510 81 
1.7
2 
444 
313
3 
12
2 
242 
22
5 
45
0 
6.5 
2.
5 
325 50 
1.2
5 
325 
240
0 
4060
00 
13
9 
116 
40
0 
28
1 
5.69
4 
2.2
3 
474 
25.
6 
1.0
6 
290 819.2 
2950
00 
17
2 
28
7 
32
1 
4.1 
3.6
5 
464 36 
1.7
5 
328 
290
1 
18
2 
243 
20
0 
40
0 
6.5 
1.
5 
350 100 1.5 350 
280
0 
4600
00 
17
7 
117 
40
0 
28
1 
5.69
4 
2.2
3 
474 
25.
6 
1.0
6 
285 819.2 
2950
00 
16
9 
46
5 
26
7 
6.8 
3.0
7 
544 57 
0.1
6 
353 462 
78
1 
244 
22
5 
45
0 
6.5 
4.
5 
375 70 
1.7
5 
375 
320
0 
5450
00 
18
6 
132 
40
0 
28
6 
5.59
44 
2.1
1 
446 47 
0.3
9 
364 752 
3400
00 
20
9 
37
2 
36
2 
8 3.2 453 22 
0.7
6 
258 
108
9 
34
2 
245 
17
5 
35
0 
7.5 4 525 80 2 525 
360
0 
3510
00 
13
4 
133 
40
0 
29
8 
5.36
91 
2.0
2 
446 44 
0.5
5 
360 2112 
5020
00 
30
4 
25
2 
29
2 
5.5 
1.4
3 
390 57 
0.5
1 
387 571 
47
9 
246 
20
0 
40
0 
7.5 4 550 90 
1.2
5 
550 
240
0 
3910
00 
13
0 
134 
40
0 
29
9 
5.35
12 
2.0
2 
446 44 
0.3
6 
364 2112 
5030
00 
29
9 
28
4 
38
1 
4.9 
0.9
6 
435 68 
1.6
1 
529 
280
1 
76
2 
247 
22
5 
45
0 
7.5 4 575 100 1.5 575 
280
0 
5360
00 
15
9 
135 
40
0 
30
0 
5.33
33 
2.0
1 
446 40 
0.2
6 
255 1920 
4740
00 
28
0 
43
0 
44
3 
5.1 
3.4
3 
383 20 
1.3
1 
537 655 
46
0 
248 
17
5 
35
0 
8.5 4 325 50 
1.7
5 
325 
320
0 
1830
00 
62 
136 
40
0 
33
3 
4.80
48 
1.8
1 
474 41 
0.5
3 
372 3280 
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Appendix E: 
HYBRID ANN-FEA CODE -PAPER 
            #**********************BRITTLE FAILURE************************* 
            #CFP METHOD ---No 1--- 
            if Failure_Criteria == 'CFP': 
                (Behavior_Type,avd)=Type_behav(av*1000,d) 
                self.avd=avd 
                TII1 = Calc_TII1(b,d,ft,Calc_fsv(Shear_reinf,L/2),Nx_tot(0)) 
                VII2 = Calc_VII2(b,fc,ft,Calc_fsv(Shear_reinf,L/2),Fc) 
                (self.TII1,self.VII2) = (TII1,VII2) 
                if Behavior_Type=='II': 
                    T1sd=abs(Qx_tot(xcfp)) 
                    V2sd=abs(Qx_tot(xe)) 
                    (v1,v2)=(T1sd/TII1,V2sd/VII2) 
                    if v1>1: 
                        Failures[1]=1 
                    elif v2>1: 
                        Failures[2]=1 
                    else: 
                        pass 
                    self.v1=v1 
                    self.v2=v2 
                elif Behavior_Type=='III':   
                    VIII=Calc_VIII(avd,d,TII1,VII2,P[-1]*av) 
                    VIIIsd=abs(Qx_tot(xe)) 
                    v=VIIIsd/VIII 
                    if v>1: 
                        Failures[3]=1 
                    else: 
                        pass      
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                elif Behavior_Type=='IV': 
                    VIv=Calc_VIV(av,fc,b,d,P[-1]) 
                    self.VIv=VIv 
                    VIvsd=abs(Qx_tot(xe)) 
                    v=VIvsd/VIv 
                    if v>1: 
                        Failures[4]=1 
                    else: 
                        pass 
                self.Behavior_Type = Behavior_Type 
            #ANN MODELS ---No 2--- 
            if Failure_Criteria == 'ANN': 
                (b_var,h,As,As_Y,fc,fs) = Data_Section 
                (fy,fu)=fs 
                As_flex=0 
                for level,Asi in zip(As_Y,As): 
                    if level>xc: 
                        As_flex=As_flex+Asi 
                pl = As_flex*100/(b*d) 
                Shear_reinf=Shear_reinf[0]  
                s = Shear_reinf[3] 
                fyw = Shear_reinf[4] 
                pw = ((Shear_reinf[1]*Shear_reinf[2])/(b*s))*100     
                avd = av/d 
                if Nx_tot(xe)<-10: 
                else: 
                if abs(Qx_tot(xe))/Vu >=1: 
                    Failures[-1]=1 
                else: 
                    Failures[-1]=0 
            self.Failures = Failures 
